EXPRESS MAIL LABEL NO. EL7031 61 51 9US 

SMART SONIC BEARINGS AND METHOD FOR FRICTIONAL FORCE REDUCTION 

AND SWITCHING 

BACKGROUND-Field of Invention 

This invention relates to plain bearing-like devices and more particularly to precision, ultrastiff 
plain bearing-like structures both macroscopic and microscopic with frictional and structural 
properties that can be electronically controlled and which contain a built-in ultrastiff force sensing 
mechanism. 

Precision bearings, specifically designed to translate or rotate a mechanical load with submicron 
accuracy have become increasingly important in the optics, semiconductor manufacturing, and 
micromachining industries. Unlike regular bearings that are used, for example in automobiles, these 
precision bearings have unique primary and secondary characteristics. Among the most important 
primary characteristics are (1) extremely high stiffness, (2) controllable frictional characteristics, (3) 
enhanced smoothness-of- travel, and (4) superior accuracy-of-travel. Some of the secondary features 
are (a) high damage threshold, (b) high reliability, (c) low maintenance, (d) low external support 
requirements, and of course (e) low cost. 

A common bearing, found in many semi -precision, mechanisms, is the sliding bearing or plain 
bearing which coincidentally also exhibits many of the primary and secondary characteristics of a 
precision bearing. As used herein, the term "plain bearing" simply means that the bearing's load is 
supported through sliding motion between two solid surfaces. FIG. 1 A illustrates a lubricated planar 
configuration of a simple plain bearing, which consists of a flat bar-shaped upper slide-plate 50 and 
a similar lower slide-plate 54 sliding against each other with a lubricant 52, such as oil, between the 
sliding surfaces. FIG. IB shows two forces acting on the upper slide-plate of the simple plain bearing 
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of Fig 1A. The force, F App 45, is an applied force sufficient to maintain contact along an interface 
between the surfaces of the two slide-plates. The other force is an applied sliding force 46, which, 
along with the component of the force 45 parallel to the interface, can be used to translate the two 
slide-plates relative to each other. 

A plain bearing is characterized by (1) its inherent simplicity, having a minimum number of 
moving parts; (2) its superior runout or off-axis error characteristic which is obtained by averaging 
any local smoothness imperfections over the entire sliding surface area; (3) its high shock-loading 
or damage threshold which is the result of spreading the shock force on the bearing over a large 
surface area, and (4) its extremely high compressive stiffness since the bearing has large direct 
material to material sliding contacts. 

However, despite all of these advantages, a lubricated plain bearing is not generally used in 
precision applications for several reasons. The first reason is because of the bearing's relatively high 
frictional forces generated by the component [F^p^ of the force 45 which is perpendicular to the 
interface . These frictional forces are a direct result of its high coefficient of friction, which can be 
ten to one hundred times larger than an equivalent ball or air bearing. The second reason is because 
of stiction, an extra frictional holding phenomenon, above the "normal" static friction, that occurs 
when two extremely smooth and lubricated contacting surfaces that were stationary, start to slide. 
The third reason is because of a phenomenon known as stick-slip which results in fluctuations in the 
frictional forces while the bearing is in motion. The cumulative effects from all three phenomena 
associated with a plain bearing, will usually render an instrument equipped with this type of bearing 
unable to perform precise and microscopic movements. 

In prior art, there are three general methods used to change the frictional forces between two 
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sliding surfaces. First, the actual coefficient of friction between the sliding surfaces can be modified 
by very thin films or coatings with good tribological properties. This is generally accomplished by 
using some combination of a solid, liquid or gas as reviewed in U.S. Patent No. 4,944,606 of Lindsey 
et aU (1990) and U.S. Patent No. 5,911,514 of Davies et aL, (1999). Second, if one or more 
operating parameters between the two sliding surfaces can be altered, the frictional characteristics 
can be changed. Some common operating parameters that can be readily controlled to produce a 
relatively small variation in frictional behavior are surface temperature, as described in U.S. Patent 
No. 5,441,305 of Tabar (1995) and sliding speed, as shown in U.S. Patent No. 5,043,621 issued to 
Culp (1991). Finally, if the compressive force between the two sliding surfaces is minimized, or 
time-modulated as revealed in U.S. Patent No. 3,774,923 of Suroff (1973) , U.S. Patent No. 
3,756,105 of Balamuth et aL, (1973) , and U.S. Patent No. 4,334,602 of Armour et aL, (1982) , or 
even totally eliminated by, for example, magnetic levitation as shown in U.S. Patent No. 3,937,148 
issued to Simpson (1976), then the frictional force generated between these two surfaces is 
correspondingly minimized. 

All these techniques of friction reduction can be used individually or possibly, in some cases, in 
combination. Examples are air bearings, like those described in U.S. Patent No. 3,683,476 of Lea 
et aL, (1972), used in precision translational stages where a combination of an air film and levitation 
techniques are employed to reduce friction. 

Solutions to the stiction phenomenon were revealed in applications related to magnetic disk 
storage. U.S. Patents No. 4,530,021 issued to Cameron (1985) and No. 6,002,549 issued to Berman 
et aL, (1999), teach that vibrational techniques, which dither the slider head also free it from the 
force of stiction. Further solutions to the stiction problem involve surface texturing techniques, as 
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illustrated by U.S. Patent No. 5,079,657 of Aronoff etal, (1991), which allow a slider head to leave 
a surface smoothly. 

Similarly, the stick-slip problem has also been successfully addressed in diverse fields, such as 
those including focusing mechanisms used in optical disk storage and wiping mechanisms for 
automotive windshields. Their solutions, like the stiction case, are also based upon oscillation 
methods as revealed in U.S. Patent No. 4,866,690 issued to Tamura et a/., (1989) and U.S. Patent 
No. 5,070,571 issued to Masuru (1991). 

However, all these prior art techniques suffer from one or more drawbacks which render their 
benefits, in a plain bearing-like device application, individually insufficient and in some cases, 
incompatible with precision. For example, simply adding a lubricant between the two surfaces of a 
plain bearing does not minimize either stiction or stick-slip behavior which are required for smooth 
microscopic motion as well as positioning accuracy. Controlling the aforementioned operating 
parameters does not reduce the coefficient of friction enough for most applications. Changing the 
compressive force by periodic or continuous levitation compromises bearing compressive stiffness, 
produces changes in the bearing position depending upon whether the bearing is levitated or not, and 
may require substantial external facility support such as, in the case of air bearings, a continuous 
supply of clean, dry air delivered at a regulated pressure. Furthermore, U.S. Patent No. 4,648,725 
of Takahashi (1987), teaches that positioning devices employing bearings with only a fixed, very low 
coefficient of friction, such as an air bearing, tend to have an extended settling time even after 
moving at relatively low velocity to a particular position of interest. 

Also, prior art examples using vibrational or oscillation techniques to minimize stiction or stick- 
slip make no effort to separate the vibrational motion from the ideally desired motion of the load. 
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Separation of the two motions is paramount in precision bearings where maintaining the integrity 
of the slidable path, continuously contacting surfaces, and vibrational insensitivity are all desired 
properties. Furthermore, prior techniques that use the vibrational motion only prior to moving the 
load along its desired path do not remove any stick-slip problem from occurring during travel. 

Therefore, in order for any plain bearing-like devices to be successfully employed for precision 
and microscopic movement applications, simultaneous solutions to the high friction, short settling 
time, stiction, and stick-slip issues must be implemented utilizing techniques obtained from many 
different technical areas. 

Furthermore, in order to utilize such a plain bearing-like device as "real" ultrastiff bearing, an 
important additional bearing characteristic must be addressed. In prior art, when bearings are 
incorporated into a stage for example, there is generally an incompatibility between the ultrastiff 
requirement and the bearing's mechanical tolerances. Ideally, for a stage to be truly ultrastiff in one 
or more axes orthogonal to the direction of travel, all the components of the stage must have 
essentially zero mechanical tolerance or "play" in these orthogonal directions. In prior art, the 
solutions to this problem are (1) to simply minimize these mechanical tolerances by manufacturing 
mechanical components to nearly exact specifications, or (2) to compensate for the mechanical 
variations by incorporating elastic members between moving surfaces, or (3) to maintain an 
equivalent "zero tolerance" condition by dynamically adjusting one or more mechanical 
components. Of these heretofore mentioned solutions, only the actively servoed technique of 
dynamic compensation approaches the ideal mechanical stiffness requirements and this dynamic 
adjustment technique has been successfully implemented in the form of an air bearings, like those 
described in U.S. Patent No. 3,683,476 of Lea et a/., (1972). Therefore, for success in ultrastiff 
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applications, a plain bearing-like device must also contain a solution to this incompatibility between 
mechanical tolerance and stiffness. 

To complete the prior art survey, a seemingly unrelated device known as the ultrasonic bonder 
should also be included. 

The ultrasonic bonder or wire bonder is commonly used in the semiconductor industry to 
electrically connect the integrated circuit chip to the leadframe pins. Ultrasonic bonding, also known 
as welding or friction-fusion bonding, is a process for joining two materials by means of a bonding 
tool which exerts a normally directed clamping, mashing, or applied force on two juxtaposed 
contacting surface areas while vibrating one parallel to the other at an ultrasonic frequency. As a 
result, local plastic deformation takes place in the interfacing materials and a metallurgical bond is 
formed between the two materials. The original thermosonic bonder, as described in U.S. Patent No. 
3,054,309 of Elmore (1962), andits many descendants, typified by U.S. Patent No. 5,186,378 issued 
to Alfaro (1993), generally requires not only a clamping or mashing pressure (around 200 MPa) and 
ultrasonic vibrations (around 60 kHz) but also high temperatures (around 175 0 C to 300° C) to obtain 
near 100 percent intermetallic coverage. Recent advances include an ambient temperature (around 
27° C) ultrasonic wire bonder, as revealed in U.S. Patent No. 5,244,140 of Ramsey et al, (1993), 
and a thermoplastic welding apparatus described in U.S. Patent No. 4,482,421 issued to Gurak 
(1984). 

SUMMARY OF THE INVENTION 

An ultrastiff precision sonic bearing assembly and method thereof for controlling an effective 
coefficient of friction between two elements in slidable contact configured along an interface under 
a force sufficient to maintain contact and having static friction therebetween, by inducing a 




sinusoidal oscillatory sliding motion in one of the elements parallel to the interface thereby altering 
the effective coefficient of friction therebetween. The bearing assembly also provides for additional 
and independent electronic control over the average thickness thereof and senses the component of 
the force perpendicular to the interface thereon. 

A simple implementation of this method is in a planar form of a linear sonic bearing, comprising 
of a moveable load member having a load sliding surface for translating along any slidable path 
direction on a bearing element's bearing sliding surface. A lower stationary base member supports 
both the bearing element and the load member. The bearing element resonates in response to an 
applied energizing means which reduces the effective coefficient of friction [i^ between the load and 
the bearing sliding surfaces. The effective coefficient of friction can be smoothly and rapidly 
changed by controlling the amplitude of the oscillatory sliding motion. The effective static and 
dynamic stiffness of the sonic bearing can also be independently and smoothly controlled by 
applying a bias to the bearing element which modulates the thickness of the bearing element. 
Applications of the invention can be found in such devices as ultrastiff, precision bearings and 
sensors. 

The primary steps used to optimally achieve the apparent frictional reduction are to: (a) preselect 
the surface materials for the contacting surfaces to minimize ultrasonic induced bonding, (b) pre- 
texture the contacting surfaces to minimize stiction, (c) pre-coat the contacting surfaces with a film 
to reduce the actual coefficient of friction and to serve as an anti-bonding agent, and (d) induce into 
the bearing sliding surface, a sinusoidal oscillatory sliding motion whose resulting frictional forces 
are balanced and whose oscillation level can be controlled. Furthermore, in order to provide 
ultrastiffness, each slidable contact between bearing components should be a direct material to 
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material contact with large surface area so that the inherent bearing stiffness is determined primarily 
by the material compressibility. To enhance this ultrastiff aspect of the invention, the thickness of 
one or more components in the bearing assembly can be altered in response to a variation in the force 
in order to provide an additional stiffness servo mechanism by: (a) preselecting the material in a 
portion of the bearing assembly subject to the same force as the sliding surfaces to have 
electromechanical properties which facilitate the desired dimensional change, (b) sensing the 
magnitude of the normal component of the force on the bearing element to determine the value of 
a high voltage signal, and (c) applying that high voltage signal to that portion of the bearing assembly 
in such a manner as to maintain a constant perpendicular component of the force by producing the 
desired dimensional change. 

It is accordingly a primary object of the present invention to provide a sonic bearing assembly that 
retains all the desirable properties of a plain-type bearing such as high compressive stiffness, low 
sensitivity to shock-loading, and minimal off-axis error while maintaining a very low effective 
coefficient of friction u . 

SB 

It is accordingly another primary objective of the present invention to provide an electronic 
controlling means which allows the effective coefficient of friction of the bearing assembly to be 
easily and rapidly changed between its high and low states. This characteristic enables a stage 
equipped with sonic bearings to minimize the settling time after the load has reached the designated 
coordinate while minimizing positional error in one or more axes orthogonal to the slidable path. 

It is accordingly a further primary objective of the present invention to provide an electronic 
controlling means for dimensionally altering one or more components in the bearing assembly to 
allow for attributes such as variable thickness, position modulation, temperature coefficient 
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compensation, low frequency vibrational damping, damping of variations in compressive force, 
bearing wear compensation, and relaxation of manufacturing and/or alignment tolerances while still 
being able to achieve the equivalence of the "zero tolerance" criteria as required for use in precision 
and ultras tiff instruments. 
Furthermore, another primary object is to provide a sensing means for measuring the magnitude 
of the normal component of the force on the bearing assembly so that a signal representing that 
magnitude can be provided for use in a feedback mechanism to enhance the stiffness of the sonic 
bearing assembly. 

It is another object of the present invention to provide a bearing assembly that exhibits minimal 
stiction and stick-slip properties which, in combination, will improve the ability of a stage using 
sonic bearings to move a load with increased smoothness and precision. 

A further object of the present invention is to provide a bearing assembly which maintains its high 
effective coefficient of friction [i with or without using any electrical energy. This characteristic 
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enables a stage equipped with sonic bearings to "lock" its position. 

A still further object of the present invention to provide bearings with high reliability by using only 
solid state components with very few moving parts. 

An additional object of the invention is to provide bearings with diversified geometries which can 
accommodate application specific requirements such as microscopic dimensions, or translational, 
rotational, or multi-axial movements. 

Furthermore, according to one aspect of the present invention, another object is to provide bearings 
with wear resistance, hence long operational life, by using extremely hard, laminated, or customized 
materials, or any combination thereof as the sliding surfaces with surface treatments including ion 
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implantation. 

In other preferred forms of the present invention, the bearing can be operated in environments with 
harsh conditions which may include high vacuum, cryogenic temperatures, ionizing radiation, 
corrosive vapor, high magnetic fields or any combination thereof. 

Further objects and advantages are to capitalize on existing optical polishing and quality control 
technologies used to manufacture high precision surfaces for very hard materials at low costs. Still 
further objects and advantages will become apparent from considerations of the ensuing descriptions 
and drawings. 

DRAWING FIGURES 

FIG. 1 A is an isometric view of a prior art lubricated plain bearing having planar geometry. 
FIG. IB is a side view of a prior art lubricated plain bearing having planar geometry with forces. 
FIG. 2A is an isometric view of a piezoelectric transducer oscillating at its fundamental longitudinal 

frequency and subjected to the free-free boundary conditions. 
FIG. 2B is a plot of a piezoelectric transducer's surface oscillation velocity in the Y direction as a 

function along its length which is aligned in the Y direction and subjected to free-free 

boundary conditions. 

FIG. 3A is an isometric view of a two component direct-drive sonic bearing design comprising of 
a piezoelectric bearing element secured to a stationary external platform and supporting 
a load on a load member. 

FIG. 3B is an isometric view of a two component indirect-drive sonic bearing design comprising of 
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a composite bearing element having a piezoelectric transducer and an extension member 

secured to a stationary external platform and supporting a load on a load member. 
FIG. 4A is an isometric view of an ultrastiff direct-drive sonic bearing element comprising of a 

single, fundamental, longitudinal length resonant mode piezoelectric transducer equipped 

with contact pad members. 
FIG. 4B is an isometric view of an ultrastiff direct-drive sonic bearing element comprising of a 

single, fundamental, longitudinal length resonant mode, laminated magnetostrictive 

transducer equipped with contact pad members. 
FIG. 4C is an isometric view of an ultrastiff direct-drive sonic bearing element comprising of a 

vertically stacked piezoelectric transducer equipped with contact pad members. 
FIG. 4D is an isometric view of an ultrastiff direct-drive sonic bearing element comprising several 

piezoelectric transducers horizontally stacked in succession where the bearing element is 

equipped with contact pad members. 
FIG. 5A is an isometric view of an ultrastiff, indirect-drive sonic bearing element comprising of a 

single, fundamental, length resonant mode, piezoelectric transducer driving a single, 

fundamental, longitudinal length resonant mode, extension member. 
FIG. 5B is an isometric view of an ultrastiff indirect-drive sonic bearing element consisting of a 

single, fundamental, length resonant mode, magnetostrictive transducer driving a single, 

fundamental , longitudinal length resonant mode, extension member. 
FIG. 5C is an isometric view of an ultrastiff indirect-drive sonic bearing element using two, 

fundamental, longitudinal length resonant mode, piezoelectric transducers driving a 

single, fundamental longitudinal length resonant mode, extension member. 
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FIG. 5D is an isometric view of an ultrastfff indirect-drive sonic bearing element usi ng fou r 
piezoelectric transducers driving a square extension member. 

FIG. 5E is an isometric view of an ultrastiff indirect-drive sonic bearing element using a single 
piezoelectric transducer driving two identical stepped horn extension members. 

FIG. 6 A is an exploded view of a simple ultrastiff linear sonic bearing assembly employing a direct- 
drive sonic bearing element, sandwiched between a load member and a base member. 

FIG. 6B is an exploded view of a simple ultrastiff linear sonic bearing assembly using a direct-drive 
sonic bearing element with an upper and lower lubricant reservoir. 

FIG. 7 A is a simplified block diagram of an electronics package driving one ultrastiff bearing 
element. 

FIG. 7B is a simplified block diagram of an electronics package configuration for driving an 

ultrastiff bearing element having two piezoelectric transducers. 
FIGS. 8 A to 8C are side views of an ultrastiff direct-drive sonic bearing element oscillating at its 

fundamental longitudinal frequency and subjected to the free-free boundary conditions 

illustrating the extremes of thickness modulation along the length due only to the resonant 

oscillation. 

FIGS. 8D to 8F are side views of an ultrastiff direct-drive sonic bearing element oscillating at its 
fundamental longitudinal frequency and subjected to the free-free boundary conditions 
illustrating the extremes of thickness modulation along the length due to oscillation and 
an independent increase in thickness due to an applied high voltage. 

FIG. 9A is an isometric view of an ultrastiff indirect-drive sonic bearing element consisting of a 
single, fundamental, length resonant mode, piezoelectric transducer driving a single, 
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two-half wavelength, longitudinal length resonant mode, extension member which is also 

a piezoelectric transducer, both connected to a single electronics package. 
FIG. 9B is an isometric view of an ultrastiff direct-drive sonic bearing element consisting of a single 

piezoelectric transducer supported by a base member which is also a piezoelectric 

transducer, both connected to a single electronics package. 
FIG. 10 is a side view of a simplified ultrastiff direct-drive, sonic bearing assembly with the 

associated forces acting on it and with connections to an electronics package. 
FIG. 1 1 A is an experimental plot of the effective coefficient of friction \x $b of a sonic bearing with 

tungsten carbide contact pad surfaces versus the root-mean-square (r.m.s.) velocity v™ s 

of its contact pad surfaces. 
FIG. 11B is an experimental plot of the actual coefficient of kinetic friction |X fc of a cleaned and 

polished tungsten carbide rod sliding against a tungsten carbide plate as a function of its 

linear sliding velocity v. 

FIG. 12A is an experimental plot of the external r.m.s. load power dissipation due to frictional 
sliding of a sonic bearing versus the r.m.s. velocity v™ s of its contact pad surfaces. 

FIG. 1 2B is an experimental plot of the internal r.m.s. power dissipation of a piezoelectric transducer 
in a sonic bearing element versus the r.m.s. velocity v™ s of the contact pad surfaces. 

FIG. 13A is an experimental setup used to measure the dependence of the effective coefficient of 
friction \i for an ultrastiff sonic bearing on the path of sliding as referenced against the 

SB 

axis of bearing element oscillation. 
FIG. 13B is an experimental plot of the effective coefficient of friction of an ultrastiff sonic 
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bearing versus the sliding path angle 0 of the bearing in the active (ON) and inactive 
(OFF) states. 

FIG. 14A is an experimental setup used to identify the relationship between the normal component 

[F App l z of the force on a bearing element and the value of the force output signal. 
FIG. 14B is an experimental plot of the normal component [F App ] z of the force on the bearing 

element versus the force output signal. 
FIG. 15 A is an isometric view of a simplified long length ultrastiff sonic bearing using a three-half 

wavelength, longitudinal length resonant mode direct-drive bearing element along with 

the electronics package for driving it. 
FIG. 15B is an isometric view of a simplified long length ultrastiff direct-drive sonic bearing having 

a bearing element with three, one-half wavelength, longitudinal length resonant mode 

transducer electrode segments in succession, each segment having alternating electric field 

polarity. 

FIG. 15C is an isometric view of a simplified long length, ultrastiff indirect-drive sonic bearing 
using a one-half wavelength, longitudinal length resonant mode transducer coupled to a 
three-half wavelength, longitudinal length resonant mode, extension member having the 
same resonant frequency. 

FIG. 16 is an isometric view of a simplified ultrastiff sonic bearing example equipped with upper 
contact pad members that have cylindrically concave contact pad surfaces to support a 
rod-like cylindrical load member. 

FIGS. 17 to 19 each show an isometric view of a simplified, multi-bearing element, sonic bearing 
assembly employing a pair of opposing ultrastiff direct-drive bearing elements 
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sandwiching a load member with different force servo mechanism configurations between 
bearing elements. 

FIGS. 20 to 22 show isometric views of the sonic bearing assembly configuration of FIG. 17 
illustrating the effect of the force feedback for the case when the load member undergoes 
a dimensional change. 

FIG. 23A is a plot showing the change in the upper bearing element thickness AZ fiE2 as a result of 
changing the applied adjustable high voltage V in order to maintain a constant force 
[F ] on the lower bearing element for each of the states described in FIGS. 20 to 22. 

FIG. 23B is a plot showing the change in the upper bearing element generated force [F BE2 l z as a 
result of changing the applied adjustable high voltage V hv2 in order to maintain a constant 
force [F ] on the lower bearing element when a unidirectional external force [F ] is 

APP Z EXT Z 

applied to the lower bearing element for the sonic bearing assembly configuration of FIG. 
17. 

FIGS. 24 A to 24C graphically illustrate the relationship of the stiffness of the sonic bearing 
assembly configuration of FIG. 17 with an external force [^ EXT \ Z of arbitrary magnitude 
is applied to it. 

FIGS. 25A to 25C graphically illustrate the relationship of the stiffness of the sonic bearing 
assembly configuration of FIG. 18 with an external force [F EXT 1 Z of arbitrary magnitude 
is applied to it. 

FIGS. 26A to 26C graphically illustrate the relationship of how the stiffness of the sonic bearing 
assembly configuration of FIG. 19 is maintained when an external force [F EXT 1 Z of 
arbitrary magnitude is applied to it. 
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FIG. 27 contains an isometric view of a simplified multi-bearing element sonic bearing assembly 
employing two pairs of opposing ultrastiff direct-drive bearing elements and also shows 
an external configuration for the drive electronics package of each bearing element in one 
opposing pair. 
DETAILED DESCRIPTION OF THE INVENTION 

One of the fundamental objectives of all friction reduction devices is to minimize the applied 
sliding force necessary to initiate and sustain a sliding motion between the contacting surfaces of two 
objects. In prior techniques, such as those that use lubricants, balls, or variations in operating 
parameters, this goal was achieved by actually reducing the actual coefficients of friction. Other prior 
methods, such as magnetic and vibrational levitation techniques, do not reduce the coefficients of 
friction itself, but minimize the compressive or normal component of the force between the two 
sliding surfaces which in turn, will minimize the required applied sliding force. 

The present invention uses a different approach to reach the same goal by externally supplying 
most of the energy that is dissipated by the frictional sliding process in a manner that does not, on 
the average, interfere with the original load sliding motion. If this technique is implemented on two 
sliding surfaces, there will be an apparent reduction of the coefficient of friction, hereinafter referred 
to as a reduction in the "effective coefficient of friction" u , since the energy drain normally 
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associated with frictional sliding is now primarily supplied by an independent source, and only 
secondarily from the kinetic energy of the moving load itself. The sliding load will, for the most part, 
maintain its original velocity and therefore have the appearance of sliding on a surface with very low 
friction. This reduction of the effective coefficient of friction is achieved in a mechanical structure 
called a sonic bearing. 
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In its most simplistic form, the adhesion theory of friction indicates that for very hard and very 
smooth surfaces, sliding friction is the result of energy losses from the severing of chemical bonds 
between the tips of microscopic asperities (i.e., high peaks) at the interface of two sliding surfaces. 
Specifically, the severing of chemical bonds occurs when the asperities that are constantly being 
formed to connect the two surfaces, are non-elastically or plastically deformed and sheared. In a 
normal sliding process, the energies dissipated by the frictional forces are usually extracted from the 
kinetic energy of the sliding load itself, hence as an unaided load slides along a level frictional 
surface, it slows and eventually stops. Hereinafter, the motion of a load sliding on a surface will be 
referred to as the load sliding motion. 

Therefore, without imposing any limitations on the scope of the claims, we propose that the 
friction reduction aspect of the invention is based upon the following concepts: (1) most of the bond 
deforming and shearing energy due to friction can be supplied by an external source rather than by 
extracting it from the kinetic energy of the sliding load itself; (2) the external energy can be supplied 
via techniques that do not significantly interfere with the original load sliding motion; (3) the sliding 
surfaces' material properties and surface properties can be selected to inhibit the bonding of these 
surfaces due to the abrupt release of stored chemical energy associated with the bond's nonelastic 
deformation and shearing; and (4) severance of the bond releases the load to move in any path that 
is slidable. Assuming that these concepts are valid and appropriate hardware implemented, then the 
kinetic energy of the unaided sliding load will be held nearly constant during sliding and the moving 
load will slow down only very gradually. We have therefore obtained very low effective coefficient 
of friction between the two sliding surfaces, even though the actual coefficient of friction between 
these surfaces can be relatively large and remain unaltered. 
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The basic principles of the adhesion theory of friction, also known as the Adhesion, Junction- 
growth, and Shear (AJS) model, are well known in the art and are described in detail in the literature. 
See for example, Ludema, K. C, "Friction, Wear, Lubrication", CRC Press, Boca Raton, New York, 
1996, pp. 72-81 and Blau, P. J., "Friction Science and Technology", Mercel Dekker, New York, 
1995, pp. 138-147. 
Preferred Embodiments 

In the preferred embodiment of the invention, a load member having a load sliding surface is 
sliding on a bearing element having a bearing sliding surface, where the asperities at the interface 
are repetitively deformed and sheared to allow the load member to slide in a load sliding motion 
when acted on by an applied sliding force. An energizing means is used for inducing a symmetrical, 
oscillatory sliding motion into the bearing element by way of a transducer, and this oscillatory sliding 
motion is totally separate from any load sliding motion of the load member. The main characteristics 
of this oscillatory sliding motion are that: (1) the root-mean-square (r.m.s.) velocity v™ of this 
motion is substantially larger than the translational speed of the load sliding motion v^^; (2) the 
direction of this motion is along any slidable path associated with the load sliding motion, but not 
necessarily along the same slidable path as the load sliding motion; and (3) the distance versus time 
profile of any one point on the bearing sliding surface from its equilibrium position is substantially 
the same for each one-half cycle of the oscillation. 

A simple and efficient method of inducing the required oscillatory sliding motion with all the 
heretofore mentioned characteristics into a bearing sliding surface is to produce a longitudinal 
resonance in a solid, substantially rigid elastic object that has the bearing sliding surface. This 
resonance can be achieved by driving the transducer at one of its longitudinal resonant frequencies 
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and coupling the resulting acoustic resonant waves constructively throughout the body of that object. 
In this way, the transducer motion is amplified, by a factor proportional to the quality factor or Q of 
the resonance, relative to the non-resonant motion, for the same oscillating transducer input drive 
voltage. 

The oscillatory sliding motion has a further requirement which complements or is related to the 
topography of the load sliding surface. It is imperative that the load sliding surface topography does 
not change the path of the oscillatory sliding motion in the bearing element. Therefore, not only is 
the path of the oscillatory sliding motion along any slidable path, but the motion itself must also not 
impart a modulation to the force that holds the bearing sliding surface to the load sliding surface 
while interacting with the topography of the load sliding surface. The surface topographies may be 
of any configurations, including planar, cylindrical, or spherical. 

Additionally, one of the main tasks of the invention is to design a sonic bearing to minimize the 
side effects associated with the introduction of this oscillatory sliding motion into the bearing sliding 
surface. Generally, these effects can be grouped into two opposing categories consisting of the 
motion-producing and the motion-inhibiting phenomena. 

The motion-producing side effect is a phenomenon resulting from the transferring of the bearing 
sliding surface's oscillatory sliding motion, via frictional forces, to the load sliding surface, resulting 
in a composite motion of the load member, consisting of the original load sliding motion and the 
undesirable oscillatory sliding motion. 

In the invention, three independent techniques are used to reduce this specific motion-producing 
side effect. The first, and of course the most obvious approach, is to directly reduce the oscillating 
frictional forces on the load sliding surface generated by the oscillating bearing sliding surface. 
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Traditionally, this is accomplished by employing a lubricant, such as an oil film, between the two 
sliding surfaces. More recently however, a different approach based upon the adhesion theory of 
friction has been widely used. Basically, according to the theory, the coefficient of friction between 
two hard sliding surfaces can be substantially reduced if a softer intermediate solid film of a specific 
thickness is attached to one of the two hard surfaces. This reduction is achieved because the plastic 
deformation of the asperities between two sliding surfaces during sliding is limited only by the shear 
stress that can be sustained in the material of the soft surface film. Furthermore, this film can be 
modified by ion implantation to a predetermined number of ions/cm 2 whereby the film is subjected 
to implantation of a depth greater than the thickness of the film. This improves its wear 
characteristics without degrading the low actual coefficient of friction. This type of modification can 
be applied to any sliding surfaces in the present invention, including but not limited to the sliding 
surfaces belonging to load members, bearing elements, extension members, base members, contact 
pads, and load guideway members. Several very low friction designs using this technique are 
described in U.S. Patent No. 4,824,262 issued to Kamigaito et al (1989). 

The second technique, called the temporally nulling method is based upon the temporal symmetry 
of the induced motion on the load sliding surface resulting from the symmetrical oscillatory sliding 
motion of the bearing sliding surface. Specifically, any displacement of the load sliding surface in 
the time period of the first one-half cycle has an equal and opposite displacement over the time 
period of the second one-half cycle. Thus, if the normal component of the force F between the 
load element and the bearing element is maintained to be constant, and if the surfaces are adapted 
to have an actual coefficient of friction substantially uniform along any slidable path between the 
load member and the bearing element, then the net displacement of the load sliding surface will 
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therefore be minimized by the symmetry of the induced motion over a total time period of one full 
cycle. An example of a symmetrical oscillatory sliding motion in an elastic material is a sinusoidal 
motion. This net displacement of the load sliding surface can be further reduced by attaching a 
substantially large inertial mass to the load sliding surface to reduce the magnitude of the 
aforementioned displacement in each one-half cycle. 

The third technique, called the spatially nulling method is predicated on the spatial symmetry of 
the oscillatory sliding motion of the bearing sliding surface. The general concept here is to 
mechanically arrange the bearing sliding surface to have two separate contacting regions or provide 
one contacting region on two different bearing sliding surfaces. Each region is designed to slide 
against the same load sliding surface along an interface having a uniform coefficient of friction and 
both regions have an oscillatory sliding motion with the same set frequency and similar set 
amplitudes. But each region has a set phase which is constantly 180 degrees out of phase from the 
other. Once these parameters are set, and the load member is configured to slide about these regions 
of the bearing element, the effect of these two oscillating regions sliding against a common load 
sliding surface is to simultaneously generate two substantially equal and opposite frictional forces 
on that surface. The net result of these two frictional forces on a rigid load sliding surface is to 
substantially cancel any bearing element induced movement on the load member at any given time. 
The optimum approach to minimizing this motion-producing side effect is, of course, to utilize all 
three techniques simultaneously as is done in the preferred embodiments of a sonic bearing. 

Another very important side effect resulting from the introduction of an oscillatory sliding motion 
into the bearing sliding surface is the motion-inhibiting phenomenon. Basically, when two very 
smooth surfaces are subjected to a combination of ultrasonic oscillations, force applied between the 
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surfaces and elevated temperature, welding or bonding of the two sliding surfaces may occur. An 
important aspect in the design of a sonic bearing is, of course, to prevent this bonding phenomenon 
from occurring. 

In the present invention, various methods are employed to minimize this motion-inhibiting 
side effect. In order to fully determine the specific requirements for suppressing the motion- 
inhibiting side effect, it is instructive to review the bonding requirements of a commercially available 
ultrasonic bonder used in the semiconductor industry. Bonding is optimized when: (a) the two 
contacting materials used have the same crystalline structure, such as the case of Au and Al, which 
have face centered cube geometry; (b) the two melting point temperatures {e.g., Al is 660° C and Au 
is 1064° C) are less than or near the ultrasonically induced, equivalent local surface temperature rise 
of approximately 1000° C (see F. Seits, Imperfection in Nearly Perfect Crystals, John Wiley, New 
York, 1952); (c) the contact pressure between the two surfaces is substantially high, like for the case 
of Au bonded to Al where it is approximately 200 MPa; (d) the ultrasonic frequency is in the range 
of 60 to 200 kHz; (e) the ultrasonic power is in the range of 100 to 300 mW; (f) the average surface 
temperature is as close to the materials' melting points as possible and for the case of Au bonding 
to Al, the practical temperature range is from 175° to 300° C; (g) the surfaces are free of foreign 
contaminates such as an oil film; and (h) the sonic energy application time for the case of Au wire 
on Al pad is approximately 0.5 ms at 300° C. 

These optimizations are categorized in three main groups comprising of selecting material 
properties, the operating parameters, and surface properties. Therefore, minimization of the motion- 
inhibiting side effect required for proper sonic bearing operations is optimized when the material 
properties, the operating parameters and the surface properties associated with the sonic bearing 

22 




operation are individually optimized to inhibit bonding. 

Examples of material property optimizations are (1) selecting materials of different crystalline 
structure for each sliding surface; (2) selecting the material of the sliding surfaces to have high 
melting temperatures; and (3) selecting at least one of the surfaces to have a large thermal 
conductivity value. As previously stated, the local ultrasonically induced equivalent temperature due 
to bond breaking at the asperities ske is approximately 1000° C. Therefore, sliding surface materials 
of alumina and tungsten carbide with crystalline structures of rhombohedral and hexagonal 
respectively, having melting points of 2015° C and 2800° C respectively, in conjunction with, 
tungsten carbide having a large thermal conductivity value, will satisfy the above requirements. 

Optimizations of the operating parameters include selecting the lowest possible (1) contact 
pressure, (2) resonant frequency and (3) average operating temperatures for the sliding surfaces. 
Typically, the bonding pressure for Au on Al in ultrasonic bonding is one hundred times greater than 
the contact pressure of 0 to 1 MPa acting on the sliding surfaces of a sonic bearing. Generally, the 
operating frequency for ultrasonic bonding is higher than the typical operating frequency of a sonic 
bearing. Lastly, the ambient operating temperature for ultrasonic bonding is around five to ten times 
higher than the operating temperature of 50° C or lower for a sonic bearing. Therefore, to minimize 
bonding, it is preferable that each sliding surfaces be controlled at a temperature between 0° C and 
50° C. It is also preferable that the contact pressure between the sliding surfaces be less than 1 MPa. 
Furthermore, it is preferable to select the frequency of motion in the bearing element to be a 
longitudinal acoustic resonant frequency. Lastly, it is preferred that the frequency of motion in the 
bearing element be in a range between 0 kHz and 120 kHz to minimize bonding between the sliding 
surfaces. 
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Finally, the sliding surface properties should be optimized by (1) polishing the sliding surfaces 
to a certain predetermined degree of flatness per unit area to ensure maximum straightness of travel, 
(2) texturing the sliding surfaces with microscopic recesses in accordance with a controlled and 
reproducible pattern to reduce stiction, and (3) coating all the sliding surfaces with a thin film of 
mineral oil saturated molybdenum disulfide to perform the dual functions of a lubricant and an anti- 
bonding agent. 

Another important property of a bearing, besides low friction, is the bearing's stick-slip 
characteristic. This type of phenomenon can be commonly found in the squeaking of a door hinge 
or in the chatter of the aforementioned windshield wiper and is characterized by a semi -irregular 
oscillatory motion superimposed onto an otherwise smooth, sliding or rotational motion. This semi- 
irregular oscillatory motion is the result of fluctuations in the frictional forces along the sliding path. 
A necessary requirement for a sliding system to exhibit this stick-slip oscillatory behavior is to have 
a positive feedback mechanism driving the stick-slip relaxation-oscillation mechanism. For two 
sliding surfaces, this feedback mechanism can be, for example, the dependance of the sliding friction 
on its sliding speed. Specifically, positive feedback will occur when the sliding friction decreases 
with increasing sliding speeds. 

For a bearing, the stick-slip property usually determines the ability of that bearing to perform 
precise, microscopic movements. In the case of the sonic bearings of the invention, the bearing's 
effective coefficient of friction |H $b , for a fixed value of the r.m.s. velocity v™\ increases as the speed 
of the load sliding motion increases, resulting in a negative feedback rather than a positive feedback 
to the stick-slip relaxation-oscillation mechanism. The "sonic bearing effect" therefore, not only 
lowers the bearing's effective coefficient of friction, but also inherently dampens and prevents the 
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generation of the stick-slip oscillatory behavior. The stick-slip phenomenon is also well known in 
the art and are described in detail in the literature. See for example, Blau, P. J M "Friction Science and 
Technology", Mercel Dekker, New York, 1995, pp. 108-134. 

The sonic bearings of the invention can be separated into two different groups depending on 
whether or not a base member is included. These groups form the two classes of stiff and ultras tiff 
sonic bearings, with the class having the base member being the ultrastiff sonic bearings. » Within 
both of these classes, the sonic bearings can be further categorized by the composition of the sonic 
bearing element. Sonic bearings having a bearing element containing both an active transducer and 
an extension member are referred to as indirect-drive sonic bearings and those without an extension 
member are referred to as direct-drive sonic bearings. 

The core of any sonic bearing based device is the bearing element which is used to produce the 
basic oscillatory sliding motions that deform and shear the contact asperities at the interface causing 
the apparent reduction of the effective coefficient of friction and friction switching properties. 
Typically, this element consists of several subcomponents including a transducer used to convert an 
electrical energy into microscopic mechanical displacements, extension members used to propagate 
and possibly amplify the amplitude of the acoustic waves from the transducer source to the sliding 
surface locations, and contact pad members which provide the actual sliding surfaces. 

FIG. 2A shows a typical transducer 204, which in this case, consists of a bar-shaped piezoelectric 
transducer with its resonance modes determined partly by the externally imposed boundary 
conditions. A set of coordinate axes are provided whose origin can be used as a stationary reference. 
FIG. 2A also shows one of the simplest mounting techniques and through it, the imposed acoustic 
boundary conditions on the oscillating structure. These boundary conditions can be generally 
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grouped into the fixed-fixed, fixed-free and the free-freecategories. FIG. 2A illustrates the free-free 
configuration where the transducer 204 is held rigidly to the base member 92-1 by a cylindrical 
support member 66-1 located at the nodal region (see FIG. 2B) of the transducer 204. This support 
member can be made from any solid material or in some cases, may comprise of an element having 
piezoelectric or magnetostrictive properties. The support member can also be made from insulation 
materials, such as -. However, it should be noted that other equivalent materials or materials with 
equivalent properties may be used as substitutes. The two end surfaces of the transducer, parallel 
to the XZ-plane, are free to move in a repetitive motion, hence the free-free boundary condition 
designation. FIG. 2A further illustrates both the symmetrical expanding 204E and the contracting 
204C phases of the vibrating element. For clarity of illustration purposes, the magnitude of these 
microscopic expansions and contractions have been greatly exaggerated. Typically, the maximum 
amount of length or Y-axial displacement in both the extended and contracted states is less than 0. 1 
percent of its original non-oscillatory length. Again for clarity, the even smaller displacements 
associated with the width (X-axial displacements) and thickness (Z-axial displacements) dimensional 
changes of the transducer due to the Poisson effect are also not shown. 
FIG. 2B shows the oscillatory sliding velocities v associated with the points on the surface of the 
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piezoelectric transducer having oscillatory sliding motions that are parallel to the length or the Y- 
axis, as a function of the position along the length. The velocities are generated by applying an 
oscillatory voltage to the transducer. Specifically the electric field, E resulting from the applied 
voltage to the upper 68U and lower 68L transducer electrodes interact with the sandwiched 
piezoelectric material's 69P permanent electric dipole moment, P to generate the symmetrical 
microscopic expansions and contractions of the piezoelectric material. The velocity profile labeled 
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as "+CYCLE" corresponds to the expansion phase 204E of the oscillation cycle of the transducer 
204 (see FIG. 2A). Similarly, the "-CYCLE" curve is the velocity profile associated with the 
contraction phase 204C (see FIG. 2A) of the oscillation. The "nodal region" on the transducer is 
located in close proximity to where the velocity v™ 5 , due to resonant oscillation, is at zero value and 

SB 

conversely, the "anti-nodal regions" are locations near where the oscillatory sliding velocities are at 
their maximum values (i.e., both +MAX and -MAX value.) 
Direct-drive Stiff Bearing Assembly 

FIG. 3A shows one of the simplest possible sonic bearing designs which incorporates the 
previously mentioned transducer. This sonic bearing assembly has only two major components; a 
bottom, non translating section consisting of an active bearing element producing only oscillatory 
sliding motions and a moveable, passive, load member used to support an external load. 

In order to optimize the sonic bearing effect which reduces the effective coefficient of friction 
between the bearing element and the load member, it is necessary to select the locations on the 
bearing sliding surface that are in direct contact with the load sliding surface 184-0 of the load 
member 84-0. In this example, this optimization process is accomplished by attaching additional low 
mass, very thin plate-shaped upper contact pad members 70U to designated sections of the bearing 
element where the sliding velocities are at or near their maximum values. Using the theoretical 
information from FIG. 2B, these maximum velocity locations or regions on the bar-shaped bearing 
element are the anti-nodal regions. The resulting modified geometry of the bearing element will now 
contact the planar load sliding surface 184-0 of the load member 84-0 only at the element's anti- 
nodal regions. 

The bearing element in FIG. 3 A consists of a bar-shaped piezoelectric transducer with four upper 

27 




plate-shaped contact pad members 70U affixed, using an adhesive means, to the anti-nodal regions 
of the upper electrode surface 168U. The upper 68U and lower 68L transducer electrodes are 
electrically connected to an excitation driver (not shown) through two conventionally attached upper 
74U and lower 74L excitation wires and produce an electric field, E. The interaction of the electric 
field, E with the electric dipole moment, P of the piezoelectric material generates microscopic 
oscillatory sliding motion having a specific root-mean-square velocity. The bearing element can 
resonate in its length dimension (parallel to the Y-axis) at its lowest longitudinal acoustic resonant 
frequency and can be supported at the nodal region of the lower transducer electrode 68L by a 
support member which in turn, can be rigidly secured to an external platform. However, an 
electronic signal of a predetermined frequency and magnitude may be applied to the bearing element 
to cause the bearing element to oscillate at a different root-mean-square velocity. 

The sonic bearing assembly also consists of a load member 84-0 having a planar load sliding 
surface 184-0 which is in direct slidable contact, defined as an interface, with the four symmetrically 
placed contact pad surfaces 170U. The bearing sliding surface, in this embodiment, comprises of the 
four contact pad surfaces 170U and the exposed upper electrode surface 168U. Although the bearing 
sliding surface comprise the surfaces of the four contact pad members 70U, it must be appreciated 
that the contact pad members 70U are not necessary to practice the invention. The load member 84- 
0, which supports an external load on the load accepting surface 284-0, can slide in any path 
direction 48-2 within the plane defined by the four contact pad surfaces 170U with an apparently 
reduced coefficient of friction or effective coefficient of friction. However, it must be noted that 
although the load accepting surface 284-0 is opposite to the load sliding surface 184-0 in this 
embodiment, the load accepting surface 284-0 does not necessarily have to be configured as such. 
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An equally viable and useful alternate sonic bearing design is the inverse of the sonic bearing 
described in FIG. 3A. For this inverse embodiment (not depicted), the sonic bearing configuration 
also has two major components, consisting of an upper movable component which contains the 
active bearing element that can slide on a lower passive, stationary, load member. However, unlike 
the design shown in FIG. 3 A, where an external load can be placed on any part of the load accepting 
surface 284-0, the bearing element of this inverse configuration (not shown) supports an external 
load placed only at the bearing element's nodal region. In practical applications where only friction 
reduction, friction switching, and precision guidance are required, the design illustrated in FIG. 3 A, 
its inverse and their equivalents are sufficient. However, because the stiffness characteristic of a 
bearing is of paramount importance in many other bearing applications, the rudimentary designs 
illustrated by these examples must be modified to increase stiffness in the bearing element to suit 
those other applications. 

This lack of stiffness in these rudimentary sonic bearing designs can be directly traced to the 
method in which the bearing element and the external load are supported. For example, in the case 
where the external load is supported by the bearing element only at the nodal region and the bearing 
element itself is supported by the stationary load member at the anti-nodal regions, the cantilever-like, 
structure formed by the distance between the nodal region and any anti-nodal support region is the 
root cause of the stiffness problem. 

Indirect-drive Stiff Bearing Assembly 

One solution to this stiffness problem is the indirect-drive configuration. Indirect-drives are 
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composite bearing element structures where at least one active transducer and one or more extension 
members resonate at the same frequency and are mechanically coupled together near their individual 
respective minimum acoustic impedance locations. The physics of the selected acoustic mode and 
the coupling mechanism of these indirect-drive elements rely on the principle of sympathetic 
resonance which dictates the transfer of acoustic energy between an active transducer and each 
passive resonating extension member attached thereto. 

One simple mechanical design of an indirect-drive sonic bearing is shown in FIG. 3B which is 
similar to the optical photoelastic modulator device described in U.S. Patent No 3,867,014 issued 
to Kemp (1975). As shown, the transducer element, with upper and lower electrodes 68U and 68L 
having two conventionally connected excitation wires 74U and 74L respectively, is attached to an 
extension member 78-0 and both resonate at the same lowest longitudinal frequency. The load is 
supported by the load member 84-1 on the load accepting surface 284-1 and the load sliding surface 
184-1 of the load member is in slidable contact with the upper contact pad surfaces 170U of the 
contact pad members 70U on the extension member 78-0 allowing load sliding motion along the 
path direction 48-2. 

The advantage of this configuration is to be able to freely select a material for an extension member 
without consideration of its piezoelectric properties and use it as a stronger support for the. entire 
bearing element and an external load. For example, because the stiffness of a cantilever is directly 
proportional to its Young's modulus, if a tungsten carbide material is used as the extension member, 
the stiffness of the cantilever-like structure of the bearing element can be increased by nearly ten 
times over the most common transducer material, lead zirconate titanate. 
Indirect-drive bearings can be even further stiffened by attaching the nodal regions of each 
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transducer and each extension member to the same external platform. By doing this, the cantilever- 
like structure is transformed into an arch-like structure which increases the bearing element stiffness 
by an additional factor of approximately sixteen. 

Ultrastiff Bearing Assembly 

A better and more straightforward solution to this stiffness problem is to modify the bearing 
element so that there are contact pad members on both the upper and lower surfaces. In this new 
ultrastiff bearing element configuration, the load can now be supported directly by the material in 
the cross section containing the contact pad members instead of through the cantilever between the 
nodal and anti-nodal regions. The stiffness of the sonic bearing assembly, with this modification, is 
then changed from the relatively low stiffness of a cantilever system to the very high compressive 
stiffness of the bearing element's materials. 

To illustrate the improvement that this solution offers, we can calculate the theoretical intrinsic 
compressive stiffness of this bearing element configuration from the material stiffness equation 
derived from the basic equation for the modulus of elasticity 

[P ] =(Y )(AZ )/(Z), 

L APP J Z BE BE 0 

where [P App ] z is the Z-axis component of the applied pressure on the material of the load bearing 
portion of the bearing element, Y be is the modulus of elasticity or Young's modulus of that material, 
Z is the thickness of that material, and AZ is the change in the thickness of that material which is 
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produced by the pressure [P APP 1 Z - Substituting the expression of the Z-axis component value of the 
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force [F ] divided by the material surface area A fiE for [P App ] z and rearranging the equation, we 
arrive at an expression equivalent to the well known spring-force equation 

^APP-'z ~~ ^BE^^BE^' 

where k is the equivalent spring stiffness or rather, for this discussion, bearing element stiffness 

BE 

given by the following equation 

For a sonic bearing element operating at its lowest longitudinal acoustic resonant frequency mode 
with, for example, an operating frequency of motion of around 35 kHz, the area A fiE , which is the 
total area of the contact pad surfaces, is about 1x10 m . The bearing element thickness Z q is 
typically around 3x10" m and if an alloyed material of tungsten carbide and cobalt is used as the load 
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bearing portion of the bearing element, Young's modulus Y re can be as high as 6x10 N/m . 
Substituting these values into the bearing element stiffness equation above yields a theoretical 
intrinsic stiffness of about 2xl0 10 N/m ( 114 lbs/^in ). 

This intrinsic, non-servoed compressive stiffness of the sonic bearing is already substantially larger 
than the stiffness of, for example, a servoed system such as a typical air bearing, which has a typical 
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stiffness value of several million pound-force per inch or approximately 1x10 N/m. Furthermore, 
as it will be shown later, the stiffness of a sonic bearing assembly employing a "force servo 
mechanism" can easily be one thousand times larger than its own intrinsic value and by comparing 
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these two servoed systems, it will become evident that a sonic bearing is substantially stiffer than 
an air bearing whereby use of the term "ultrastiff * for describing sonic bearings is clearly justifiable. 

A typical embodiment of an ultrastiff sonic bearing assembly is a three-layered sandwich, plain 
bearing-like structure comprising a moveable load member with a load accepting surface and load 
sliding surfaces, a resonance-enhanced, longitudinal acoustic wave driven bearing element with 
upper and lower contact pad surfaces, and a stationary base member with a base sliding region. The 
load sliding surface is in continuous slidable contact, along an upper interface, with the upper contact 
pad surfaces of the bearing element and similarly, the lower contact pad surfaces of the bearing 
element are in continuous sliding contact, along a lower interface, with the base contact pad surfaces 
within the base sliding region. In this embodiment, the individual geometries of the load, base 
structures and the bearing element can all be bar-shaped parallelepiped with their sliding surfaces 
microscopically textured and polished optically flat. Also, as previously mentioned, the bearing 
stiffness and durability can be enhanced by choosing the materials for the load bearing portion of the 
bearing element from very hard and stiff substances such as diamond, tungsten carbide, alumina or 
stainless steel. 

Furthermore, a multitude of these bearings can be used to construct a composite bearing structure, 
such as a linear stage where the individual bar-shaped structures for each bearing may be integrated 
into the stage's internal structures and may therefore lose their original parallelepiped geometry. 
Direct-drive 

Ultrastiff direct-drive bearing assemblies contain some of the simplest possible ultrastiff bearing 
element configurations and an example of one such configuration is shown in FIG. 4A. This sonic 
bearing element consists of a bar-shaped parallelepiped piezoelectric transducer with eight attached 
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plate-shaped parallelepiped contact pad members. Each contact pad member has a contact pad 
surface and an oppositely facing pad attachment surface, and both of these surfaces are parallel to 
the XY-plane. Both the transducer and the contact pad members have their longest dimension being 
defined as their length and are parallel to the Y-axis. The next largest dimension is their width which 
is parallel to the X-axis and the smallest dimensions is their thickness which is parallel to the Z-axis. 
In the case shown in FIG. 4A, the transducer is the bare piezoelectric transducer and the bearing 
element body is the mechanical body of the piezoelectric transducer itself. The bearing sliding 
surface of the bearing element 100 consists of the exposed portion of the upper electrode surface 
168U and the contact pad surfaces 170U of the four upper contact pads 70U. The bearing support 
region of the bearing element 100 consists of the exposed portion of the lower electrode surface 
168L and the contact pad surfaces 170L of the four lower contact pads 70L. 

The electric dipole moment direction, P of the piezoelectric material 69P is perpendicular to the 
upper 168U and lower 168L electrode surfaces. The upper 68U and lower 68L transducer electrodes 
are electrically connected to an excitation means (not shown) through two conventionally attached 
upper 74U and lower 74L excitation wires. 

The four pad attachment surfaces of the upper contact pad members 70U are glued to the 
transducer electrode surface 168U such that their contact pad surfaces opposite the pad attachment 
surfaces are the interface of the bearing sliding surface. Similarly, the contact pad surfaces of the 
four lower contact pad members 70L collectively form the interface of the bearing support region. 

The bearing element 100 with a symmetrically positioned cylindrical support member 66-1 is 
operated at its lowest longitudinal acoustic resonant frequency mode (i.e., fundamental frequency 
or A72 mode) where the length-to-width ratio is selected to simultaneously obtain high 
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electromechanical coupling coefficient k and a well-isolated longitudinal acoustic resonant 
frequency. The lowest resonant frequency is determined mainly by the longest dimension of the 
bearing element, which in this case, is its length. The axis parallel to the bearing element dimension, 
which mainly determines the selected resonance frequency, is also known as the resonant axis. For 
the length mode longitudinal resonance bearing element shown in FIG. 4A, the resonant axis is the 
Y-axis. 

All the contact pad members are placed where in the root-mean-square velocity of the bearing 
element parallel to the Y-axis is within a predetermined range or percentage of the maximum of the 
root-mean-square velocity. In other words, the contact pad members are placed at locations where 
the oscillatory sliding motions of the transducer are at or near their maximum amplitudes and 
simultaneously the mechanical oscillations perpendicular to the Y-axis, due to the Poisson effect, 
are near their minimum values. The use of very low mass pads, along with symmetrical placements 
of these pads on the bearing element, ensures that the resulting direct-drive bearing element's 
oscillation mode is essentially identical to the original unmodified transducer mode. A general 
description of the resonant modes of piezoelectric transducer is given by R. Holland et ai, "Design 
of Resonant Piezoelectric Devices", Research Monograph No 56, M.I.T. Press, Cambridge, 
Massachusetts, 1969. 

Another type of electromechanical transducer that can be used in the direct-drive bearing element 
configuration may be of the type comprising a laminated core of magnetostrictive material, such as 
Terfenol available from Etrema Products Inc., Ames, LA, for example, as shown in FIG. 4B. In this 
example, an excitation coil 68E is wound around the magnetostrictive material 69M and is 
electrically connected to an alternating current source and a direct current source (both not shown) 
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by the excitation wires 74U and 74L such that he resulting magnetic field B established by the 
excitation coil causes the magnetostricti ve material to elongate and contract in accordance therewith. 
Like the design of FIG. 4A, the bearing element 101 of FIG. 4B has four upper contact pad surfaces 
170U of the upper contact pad members 70U glued to the upper transducer surface to form the 
interface of the bearing sliding surface. Similarly, the lower contact pad surfaces 170L of the four . 
lower contact pad members 70L collectively form the interface of the bearing support region. Also, 
the bearing element 101 has a symmetrically positioned cylindrical support member 66-1 and is 
operated at its lowest longitudinal acoustic resonant frequency mode (i.e., fundamental frequency 
or X/2 mode) along the length dimension of the bearing element. 

A bearing element with vertically (i.e., along the Z axis) or horizontally (i.e., along the X or the 
Y axis) stacked transducers in succession can also be used to construct a direct-drive ultrastiff 
bearing element and examples are shown in FIGS. 4C and 4D. FIG. 4C illustrates an ultrastiff direct 
drive sonic bearing element 102 with several piezoelectric transducers vertically stacked in 
succession. The bearing element is also shown to have an upper surface 168U with four contact pad 
members 70U attached to the corners of the XY-plane bearing faces resulting in the establishment 
of the four upper contact pad surfaces 170U. The bearing element 102 has an upper excitation wire 
74U connected to the upper transducer electrode 68U and a lower excitation wire 74L connected to 
the lower transducer electrodes 68L. 

In FIG. 4D, the horizontally (i.e., along the Y axis) stacked device consists of several piezoelectric 
transducers in succession with alternating dipole moment directions, P sandwiched by front 68F and 
back 68B transducer electrodes. All the front electrodes 68F are connected to a front excitation wire 
74U and similarly, all the back electrodes 68B are conventionally attached to the back excitation 
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wire 74L. The collective edge surfaces of the transducer materials and electrodes that are parallel 
to the XY-plane are upper and lower bearing faces. The four upper 70U and four lower 70L contact 
pad members are attached to the corners of the XY-plane bearing faces. The four upper contact pad 
surfaces 170U along with the exposed section of the upper bearing face is the bearing sliding surface 
and similarly, the exposed portion of the lower bearing face in conjunction with the lower contact 
pad surfaces 170L forms the bearing support region. 

Like the design in FIG. 4A, the centrally positioned cylindrical support member 66-1 (shown in 
FIGS. 4C and 4D) is used to rigidly attach the longitudinal fundamental mode, stacked, direct-drive, 
ultrastiff bearing element to other components. The main purpose of this segmentation of the 
piezoelectric material is to reduce the magnitude of the applied A.C. oscillatory and/or D.C. 
excitation voltages necessary to obtain a predetermined level of transducer activity. This technique 
of stacked piezoelectric design as described in U.S. Patent No. 1,860,529 of Cady (1932) and is old 
in the art. 

The various standard definitions of the piezoelectric transducer related terms such as K31 and 
poling direction can be found in "Guide to Modern Piezoelectric Ceramics", published by Morgan 
Matroc, Inc., Bedford, OH or "Piezoelectric Ceramics", printed by Channel Industries, Inc., Santa 
Barbara, CA., "Piezoelectric Ceramics", published by EDO Corp., Salt Lake City, Utah or 
"Multilayer Piezoelectric Actuators: User's Manual", Vol. 2, printed by Tokin America Inc., San 
Jose CA. 
Indirect-drive 

Ultrastiff indirect-drive bearing assemblies contain bearing elements that are composite structures 
which also use the principle of sympathetic resonance to couple the acoustic energy between an 
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active transducer and a resonating extension member. Examples of these types of elements are those 
illustrated in FIGS. 5 A through 5E. The mechanical design of the ultrastiff indirect-drive bearing 
element in FIG. 5 A is comparable to that of FIG. 3B with additional lower anti-nodal contact pad 
surfaces in the bearing support region. The design of FIG. 5B is similar to that of FIG. 5A but 
illustrates the use of a magnetostrictive transducer instead of a piezoelectric transducer. A dual 
transducer, ultrastiff indirect-drive sonic bearing element is illustrated in FIG. 5C, which shares 
many similarities with the mechanical structure of an Acoustic Transformer Powered Super-High 
Isolation Amplifier device described in National Semiconductor Application Note 285. The quad 
transducer, ultrastiff indirect-drive sonic bearing element illustrated in FIG. 5D can be seen as a 
simple extension of FIG. 5C. And, lastly, the indirect-drive stepped horn design shown in FIG. 5E 
is analogous to the wire bonder configuration as revealed in U.S. Patent No. 5,244,140 of Ramsey 
et a/., (1993). However, for the embodiment of FIG. 5E, two horns are driven simultaneously by a 
single transducer element. 

The three main advantages of ultrastiff indirect-drive bearing element designs are (1) the separation 
of the electromechanical transducer processes from the purely mechanical bearing requirements, (2) 
the extension of the bearing element's length without lowering the bearing element's ultrasonic 
operating frequency into the audio range, and (3) the mechanical amplification of the transducer 
displacements which produce the oscillatory sliding motion of the bearing sliding surfaces. 

The dimensions of an extension member body are variable and thus may be altered, such as along 
one or more dimensions to maximize energy coupling efficiency to the transducer, or in some cases, 
along its cross section, to dynamically configure the extension member to changes in force applied 
to the bearing assembly. Furthermore, it is desirable to minimize any motion-producing and motion- 
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inhibiting phenomena between the load member and the extension member body. This is done by 
determining a common resonant frequency, an individual resonant phase, and an individual resonant 
amplitude for the motion of the contact points on the extension member. Then, the frequency of the 
motion is set to produce a resonance along the propagation direction in the extension member; 
whereby the propagation direction of the resonant wave is aligned substantially parallel to the 
extension sliding surface. Following, the phase and amplitude of the contact points in the extension 
member are set to the resonant phase and amplitude. 

FIG. 5A shows one of the simplest ultrastiff indirect-drive bearing element configurations. A 
transducer consisting of a bar-shaped piezoelectric transducer with upper 68U and lower 68L 
transducer electrodes, upper 168U and lower 168L (not shown) electrode surfaces connected to 
corresponding upper 74U and lower 74L excitation wires. The piezoelectric transducer's electric 
dipole moment direction, P is parallel to the Z-axis. The transducer is joined end-to-end, in the ZX- 
plane, to a single bar-shaped X/2 extension member 78-1 along the extension attachment face using 
a glue as the adhesive means. The extension member 78-1 has an extension member body 578-1, 
and two extension member faces of the extension member 78-1 which are parallel to the XY-plane. 
The extension member 78-1 is equipped with plate-shaped upper 70U and lower 70L contact pad 
members having corresponding upper 170U and lower 170L contact pad surfaces. As in the case of 
the direct drive sonic bearing configuration, the four upper contact pad surfaces 170U along with the 
exposed section of the upper extension member face collectively becomes the bearing sliding 
surface. Likewise, the lower contact pad surfaces 170L plus the uncovered portion of the lower 
extension member face make up the bearing support region. Both the transducer and the extension 
member are resonating in the X/2 longitudinal acoustic mode with the cylindrical support members 
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66-1, 66-2 connected to their respective nodal regions. The transducer, the extension member and 
the associated contact pad members collectively form the ultrastiff indirect-drive bearing element. 
As stated earlier, another type of electromechanical transducer that can be used may be of the type 
comprising a core of magnetostrictive material. An indirect-drive bearing element configuration 
using this type of transducer is shown in FIG. 5B which operates in a fashion similar to that of FIG. 
4B. In FIG. 5B, however, an excitation coil 68E and a polarization coil 68P are wound through a 
rectangular slot in a core made of magnetostrictive material 69M. The excitation coil is electrically 
connected to an alternating current source (not shown) by the excitation wires 74U and 74L and the 
polarization coil is electrically connected to a direct current source (not shown). The resulting 
magnetic field, B established by the excitation coil and the polarization coil causes the core to 
elongate and contract in accordance therewith so as to produce a resonance. Also, in this design like 
that of FIG. 5 A, there is an axially attached extension member 78-1 which also resonates at the same 
frequency. 

FIG. 5C illustrates a variation of the indirect-drive bearing element design where two identical bar- 
shaped piezoelectric transducers are used to drive a single bar-shaped A/2 extension member 78-2 
equipped with upper 70U and lower 70L contact pad members on the upper and lower extension 
member faces respectively. All three elements are oscillating at the same frequency and in the same 
X/2 longitudinal acoustic length resonant mode. The cylindrical support members 66-1, 66-2 are used 
to attach this dual indirect-drive bearing element to other components without damping the 
oscillatory sliding motion. The two upper 168U electrode surfaces, the upper X/2 extension 
member's face parallel to the XY-plane and the four upper contact pad surfaces 170U collectively, 
form the bearing sliding surface. The bearing support region consists of the lower four contact pad 
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surfaces 170L together with the exposed section of the lower extension member face. The main 
advantage of this configuration is that the sonic bearing can support a much heavier load. 

An extension of the bearing element of FIG. 5C is an indirect-drive bearing element using a quad 
transducer drive. FIG. 5D shows such an indirect-drive design, consisting of four, length-resonant, 
7J2 mode piezoelectric transducers, each having four upper 70U and four lower 70L contact pad 
members attached to the upper 168U and lower 168L electrode surfaces respectively, driving a 
frequency matched square extension member 78-4. In this configuration, the cross-shaped bearing 
element structure can be rigidly attached via the five cylindrical support members 66-1, 66-3 to a 
base member and can support a substantial load. 

The resonant frequencies of any transducers and any coupled extension members should be 
matched to within 0.1 percent. When the transducer and the extension member frequencies are 
properly matched, the adhesive means used to join the two end surfaces together can be a very low 
tensile strength glue, such as a RTV silicone elastomer. The main advantage of the precision 
frequency matching and the use of very low tensile strength adhesive to join the active and passive 
elements is to prevent excitation of parasitic transverse oscillatory modes in the coupled system. 

The acoustic coupling efficiency can also be optimized by matching the acoustic impedances of 
the transducer and the extension member as similarly described in the acoustic microscope method 
used by "C. F. Quate et a/., "Acoustic Microscopy with Mechanical Scanning-A Review", Proc. 
IEEE, Vol 67, 1979, pp. 1092-1114. For example, if the coupling surface areas for both the 
transducer and the tungsten carbide extension member are identical as in FIG. 5A, the calculated 
longitudinal acoustic energy coupling efficiency between the transducer and the tungsten carbide 
extension member is approximately 70 percent. However, if the tungsten carbide extension 
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member's surface area is reduced as shown in FIG. 5C, the acoustic coupling efficiency can now 
approach 100 percent. 

The proper operation of the extension member in the longitudinal acoustic resonant mode or any 
other resonant mode can be directly viewed and verified by using a Fizeau interferometer with a 150 
mm beam diameter available from Phase Shift Technology, Tucson AZ. The interferometer is used 
to directly view the submicron-size thickness modulations in the transducer and the extension 
member's nodal locations due to the Poisson effect. 

The bearing element design shown in FIG. 5E is a single bar-shaped piezoelectric transducer with 
upper 68U and lower 68L transducer electrodes and corresponding upper 74U and lower 74L 
excitation wires driving two extension members which are stepped horns 82 each located at one of 
the transducer's end faces. The electric dipole moment direction, P of the transducer material is 
perpendicular to the upper 168U and lower 168L electrode surfaces (i.e., parallel to the Z-axis). Both 
the transducer and the horns are tuned to the same longitudinal acoustic resonant frequency. In 
particular, in this case, all three elements are operated in their longitudinal fundamental length 
resonant modes (Le., A/2) with each horn's step located at their respective horn's mid-length or 7JA 
position. The upper and lower faces on the horn are parallel to the XY-plane. Four upper 70U and 
four lower 70L, low mass, plate-shaped, contact pad members are placed near the output or back end 
of the two horns' faces to provide the four upper 170U and four lower 170L contact pad surfaces. 
The complete bearing assembly has a mechanical attachment via the cylindrical support member 66- 
1 position and is affixed to the transducer's nodal region. 

The purpose of using a horn rather than a much simpler bar-shaped extension member is the ability 
of a passive horn body, 582 to mechanically amplify the microscopic ultrasonic oscillatory 
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displacements produced by the transducer. Generally, all acoustic horns and in this case, stepped 
horns have a front end or input face with a larger input face area 182F, and a back end or output face 
having a smaller output face area 182B. Any XZ planar longitudinal ultrasonic waves with 
displacements along to the Y-axis at the input face can be amplified by the horn at the output face. 
Since the oscillation frequencies of both ends of the horn are identical, the r.m.s. velocity of the 
ultrasonic wave displacements at the output end is also correspondingly amplified. The amplification 
gain factor and the resonant frequency for a horn of a given length depend upon the detailed 
geometry of the taper ( e.g., stepped, linear, conical, exponential or cantenoidal ), the ratio of 
input/output cross sectional areas and other miscellaneous parameters, such as the velocity of sound 
in the horn material. 

FIG. 6A shows an exploded view of one of the simplest and therefore the lowest cost ultrastiff 
sonic bearing designs. The bearing element 100 (see FIG. 4A for the detailed definitions of the 
bearing element 100 such as the upper and lower contact pad members, the upper and lower 
transducer electrodes, and the upper and lower electrode surfaces) is a direct-drive structure 
operating in the X/2 longitudinal resonant mode. The transducer element is selected for its high 
quality factor Q, and for the specific case of lead zirconate titanate types of transducers, such as 
PZT8 from Morgan Matroc, Inc., Bedford OH., the maximum Q is around 1000. The bearing 
element of this sonic bearing design has dimensions of 46 mm long by 25 mm wide and 3 mm thick 
and will resonate in the longitudinal X/2 mode at approximately 35 kHz. The eight microscopically 
textured and optically flat (to one-quarter wavelength of a red HeNe laser) tungsten carbide contact 
pad members, with dimensions of 5 mm by 5 mm by 0.5 mm thick, are secured by an adhesive 
means at the four corners of the two transducer electrode surfaces. The adhesive means is 50 to 100 
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microns thick layer of glue used to attach the four upper 70U and four lower 70L contact pad 
members to the corresponding upper 168U and lower 168L piezoelectric transducer's nickel 
electrode surfaces. The glue should have very high tensile strength such as Devcon 10760 Titanium 
Putty from ITW Devcon, Danvers MA. 

The load member 84-2 has a load accepting surface 284-2 and an oppositely facing load sliding 
surface 186. A portion of the load sliding surface is the microscopically textured, optically flat (to 
one-quarter wavelength of a red HeNe laser) 5 mm wide by 5 mm thick by 70 mm long ISO M20 
grade tungsten carbide surfaces of the load guideway members 86. The base member 92-2 has a base 
sliding region 192-2 and an oppositely facing base platform region 292-2. Embedded in the base 
member are four 5 mm by 5 mm by 2 mm thick tungsten carbide base contact pad members 96. The 
sections of the base sliding region which are the contact pad surfaces 196 have been textured and 
polished optically flat to form a single plane. Both the load guideway members 86 and the base 
contact pad members 96 are attached to the load member 84-2 and the base member 92-2 
respectively by an adhesive means such as glue. 

The bearing element 100 is both aligned and fixedly mounted to the base member. The technique 
consists of securing the nodal region (not shown, but see FIG. 2B) on the lower transducer electrode 
surface 168L to a 6 mm diameter by 6 mm long cylindrical support member 66-1 made of an 
insulator material, such as A1 2 0 3 , using an adhesive means. The cylindrical support member 66-1 
in turn, is aligned and glued to the lower base member 92-2 on the Z-axis compliant base support 
member region 67 such that the four lower contact pad surfaces 170L (not shown, but see FIG. 4A) 
are parallel to and in sliding contact with the four base contact pad surfaces 196 of the base sliding 
region. Similarly, the four upper contact pad surfaces 170U of the bearing sliding surface are parallel 
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to and in slidable contact with the load guideway surfaces 186 of the load sliding surface. The 
directions of the sliding movements of this sonic bearing's load member 84-2 relative to the fixed 
base member are shown by the translational direction arrows 48-1. 

The embodiment of FIG. 6B is similar to that of FIG. 6A except that all eight lower sliding 
surfaces comprising of the four lower bearing contact pad surfaces 170L (not shown, but see FIG. 
4A) of the bearing support region and the four base contact pad surfaces 196 of the base sliding 
region are modified by the lower lubrication means. Specifically, this lower lubrication means 
consists of a molybdenum disulfide and mineral oil mixture which is held in a lower reservoir 
structure formed by the combined surfaces of the bearing support region, the base sliding region and 
the lower RTV silicone elastic seal 90. A spacer 98 attached by four screws 88 to the base member 
92-2 is part of an upper oil reservoir structure which is used to lubricate the six upper sliding 
surfaces comprising of the four upper contact pad surfaces 170U of the bearing sliding surface and 
the two load guideway surfaces 186 of the load sliding surface. The surfaces which enclose the upper 
oil reservoir are the load sliding surface, the bearing sliding surface and a portion of the upper elastic 
seal 90 surface. This upper reservoir with its molybdenum disulfide and mineral oil mixture is the 
upper lubrication means for the sonic bearing. 

It should be noted that the load sliding surface, the bearing sliding surface, bearing support region 
and base sliding region have a surface material which may be comprised of: diamond, diamond-like 
carbon materials, steel alloys, steel, cubic carbon nitrides, cubic boron nitrides, zirconium carbon 
nitrides, titanium carbon nitrides, titanium aluminum nitrides, aluminum alloys, aluminum, alumina, 
sapphire, W, Ni, Nb, Ti, Si, Zr, Cr, Hf, Y, oxides of Nb, oxides of Ti, oxides of Si, oxides of Zr, 
oxides of Cr, oxides of Hf, oxides of Y, carbides of W, carbides of Nb, carbides of Ti, carbides of 
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Si, carbides of Zr, carbides of Cr, carbides of Ta, carbides of Hf, nitrides of Ti, nitrides of Si, nitrides 
of B, nitrides of Zr, borides of W, borides of Zr, boridfes of Ti, borides of Hf, borides of Cr, PTFE 
polymer, HDPE polymer, and UHMWPE polymer. 

FIG. 7A shows a block diagram of the drive electronics package 500 which can be used to 
oscillate any bearing elements equipped with at least one piezoelectric transducer 204. The basic 
drive electronics package contains an excitation means 200, which is designed to oscillate the 
piezoelectric transducer at any one of the transducer's minimum impedance frequencies. The basic 
package can be expanded to further include, in any quantity and combination, an oscillation level 
controllingjneans 202 which will allow for the control of the r.m.s. velocity of the oscillatory sliding 
motion, a cross section controlling means 206 which will allow for adjustments of the cross section 
along the length of the bearing element independent of the oscillation, and a high voltage bias means 
330 which will establish an initial electric field, E in the transducer 204. Each of these components 
of the electronic package can be implemented entirely by using conventional analog electronic 
devices or in some combination with digital devices which may include one or more 
microprocessors. 

The circuit of the excitation means 200 senses the current, i flowing through the transducer 204 
at the lower transducer electrode 68L via the lower excitation wire 74L and converts that current into 
an equivalent voltage using a wide band current-to-voltage amplifier 304. The resulting voltage 
signal is sent through a high Q electronic band-pass filter 306 to select the correct transducer 
oscillation mode. Finally, the signal is appropriately phase shifted by a constant amplitude phase 
shifter circuit 314 to obtain the required zero phase positive feedback oscillatory condition for the 
selected frequency. The processed voltage signal from the phase shifter is then used as input to an 
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excitation drivef316 which uses a fixed or variable D.C. low voltage supply to determine the 
maximum oscillation amplitude. This excitation driver 316 uses a "half-bridge" drive configuration 
whose square wave output is then available to excite the piezoelectric transducer's upper electrode 
68U via the upper excitation wire 74U which completes the oscillator feedback loop. The 
unidirectional electric field, E generated by the driver's low voltage square wave interacts with the 
piezoelectric material 69P having a fixed electric dipole moment, P to convert a portion of the 
electrical energy into acoustic vibrations. 

The transducer's oscillation level can be controlled by the circuit of the controlling means 202 
which includes a processing unit 310 for dynamically changing the output of the adjustable D.C. low 
voltage supply 318 in order to maintain a constant r.m.s. value for transducer current, i. This 
processing unit 310 functions by comparing the r.m.s. value of the filtered and phase shifted signal 
representing the sensed transducer current, i from the phase shifter 314 with an externally 
programmed excitation level 312. Any difference between the r.m.s. value and the level value 
generates an error signal which is then used to change the amplitude of the low voltage square wave 
by changing the output level of the adjustable D.C. low voltage supply 318. There is also provided 
an effective coefficient of friction, "|x level control" input to the excitation level 312 for external 
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modulation of the sonic bearing's effective coefficient of friction 

Furthermore, as it will be discussed in detail later, because a bearing element can also act as a 
sensing means to determine the magnitude of the normal component of the force acting on that 
bearing element, the processing unit 310 further functions to generate a "force sensor output" signal, 
which is proportional to this magnitude of the force. This "force sensor output" signal can be used 
in a feedback mechanism in a multi-bearing element assembly to maintain the fidelity of the load 
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sliding motion with respect to the desired slidable path and to control the force. 

The second controlling means 206 can be employed to alter the cross section of a bearing element 
along one dimension thereof in a controlled fashion. For a direct-drive bearing element whose 
sliding surfaces are attached to a piezoelectric transducer, this cross section control consists of 
supplying a predetermined high voltage signal to the piezoelectric transducer itself. In the circuit 
of the controlling means 206, the processing unit 322 compares the value of an external servo input 
signal with a programmed reference level 320 such that an error signal representing a needed cross 
sectional change can be generated and then used to change the output level of the adjustable high 
voltage supply 326. This output level can then be summed in the summing unit 324 with the low 
voltage square wave from the excitation driver 316 of the excitation means 200 and transferred to 
the transducer accordingly. 

Being able to controllably change the bearing element cross section, specifically along its length 
(i.e., being able to change in thickness and/or width dimension), in conjunction with the fact that 
each bearing element can act as a force sensing means, allows for servoed control of a sonic bearing 
assembly's stiffness. 

In a multi-bearing element sonic bearing assembly wherein the bearing elements have an 
appropriate geometric relationship this stiffness servo is achieved by maintaining the force acting 
one of the bearing elements to be constant. One such relationship can be found in the simple case 
of two rigidly fixed and opposing bearing elements sandwiching the same load member. For this 
example, the external servo input signal for one bearing element is a "force servo input" signal which 
can be taken directly from the "force sensor output" of the processing unit 310 of a another bearing 
element electronics package 500. In this way, any change in force away from the bias force reference 
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level 320 on one bearing element due to, for example, thermal expansion, wear, or an external force 
on the load member will be sensed and thereby cause the opposing bearing element to restore the 
force by altering its appropriate dimension. 

Furthermore, if both feedback mechanisms are employed in the aforementioned relationship (i.e., 
the "force servo input" for one bearing element is the "force sensor output" of the other and vice 
versa), the dynamic range of servo adjustment can be substantially increased. In this type of 
assembly the processing unit 322 in each electronics package can additionally use the internally 
generated "force sensor output" signal from the processing unit 310 associated with the same bearing 
element in order to provide additional control features. 

The reference level 320 of the controlling means 206 is also provided with an external control input 
which can be used for modulating the bearing cross section. More particularly, for the aforesaid 
multi-bearing element application, this external control input can be a "force control" signal which 
when used in conjunction with the "|i level control" signal provides for the possibility of control 
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over both input parameters of the frictional sliding force equation (i.e., F = H SB [ F APp ] z )- This 
complete control over friction sliding force translates directly into control over the applied sliding 
force needed to slide a load. 

Lastly, an additional high voltage signal from the bias means 330 can be summed in the summing 
unit 324 with the signal from the excitation driver 316 in order to provide an electrical bias on the 
transducer in addition to the square wave output. This bias is useful for shifting the operating region 
of transducer devices with nonlinear displacement characteristics, such as those using electrostrictive 
material, to a region having higher linearity. This high voltage bias is also provided with an external 
control input for externally altering the level of the applied voltage bias if desired. This external 
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level set can be a signal generated from an external sensor, such as those employed in the use of 
interferometry, strain detection, or capacitive sensing, 

Applying a high voltage to the piezoelectric transducer can produce changes in the dimensions of 
the transducer element itself as large as 0.02 percent and these changes are governed by the equations 
of displacement as defined in the literature for a piezoelectric material and are well known in the art. 
However, this ability of a sonic bearing element to simultaneously oscillate vigorously and 
controllably change, for example, its thickness between the bearing sliding surface and the bearing 
support region , both actions operating substantially independent of each other, is a primary feature 
of the invention. This unique property is made possible by the fact that: (1) for a high Q bearing 
element (e.g., Q greater than 1000), the maximum peak-to-peak, oscillation producing, excitation 
voltage that can be applied across the transducer before reaching material destruction pressure is only 
a small fraction (viz, less than three percent) of the electrical breakdown voltage and (2) the 
maximum piezoelectric material expansion when a voltage near the electrical breakdown voltage is 
applied is only a small fraction (viz, less than five percent) of the material expansion limit. Therefore, 
a bearing element excited to near its maximum oscillatory displacement condition can still change 
its thickness_between the bearing sliding surface and the bearing support region by the application 
of a very large quasi-DC voltage. 

FIGS. 8A to 8F illustrate the effect on the bearing element thickness by applying an additional 
high voltage as used in the controlling means 206 option and the bias means 330 option and its 
independence from the oscillatory behavior of the bearing element. In FIGS. 8 A to 8C a sectional 
view of thickness modulation along the length of the bearing element 100 due only to the induced 
longitudinal length resonant oscillation of the X/2 mode is shown for individual phases of the 
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oscillation. FIG. 8A corresponds to the extreme of the "-CYCLE" and FIG. 8C corresponds to the 
extreme of the "+CYCLE" while FIG. 8B shows the equilibrium position for this unbiased bearing 
element. In each of these figures, the bearing element 100 is comprised of a piezoelectric transducer 
of thickness Z q and is attached to a compliant base support member region 67 on the base member 
92-2 with a cylindrical support member 66-1. FIGS. 8D to 8F however, show the same bearing 
element 100 with a high voltage applied from either the cross section controlling means or the bias 
( both not shown, but see FIG. 7A) which increases the thickness by AZ dc along the length. With 
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no force applied, as illustrated, AZ gE has a value of AZ m . For clarity of illustration, the magnitude 
of these microscopic expansions and contractions in FIGS. 8 A to 8F have been greatly exaggerated. 

This drive electronics package is not just limited to driving direct-drive bearings, but can be 
reconfigured, as illustrated by FIG. 7B, to the electronics package 501 for the case of indirect-drive 
bearings which use a piezoelectric transducer as an extension member. When this configuration is 
used, the output of the adjustable high voltage supply 326 is connected directly to the upper 
extension member electrode surface 178U through the upper wire 75U instead of being summed with 
the signal from the excitation driver 316 and the lower wire 75L attached to the lower extension 
member electrode surface 178L is held at a fixed potential. This adjustable high voltage supply 326 
will then produce its own electric field, E to interact with the dipole moment, P in the extension 
member while the field, is produced in the transducer by the signal from the summing unit 324 
to interact with the dipole moment, P . 

To further illustrate the use of the drive option of FIG. 7B, the bearing element embodiment of FIG. 
9A has been provided which shows an additional piezoelectric device being used as a two-half 
wavelength extension member 78-5. This extension member 78-5 has an upper 78U and a lower 78L 
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electrode connected to the electronics package 501 by the wires 75U and 75L respectively. 

An alternative use for the drive option of FIG. 7B is the case where a direct-drive bearing element 
Q is not large enough to sustain the required oscillation level with a peak-to-peak oscillating voltage 
safely below the electrical breakdown voltage when driven with the electronics package of FIG. 7 A. 
For this case, an alternative base member configuration, such as depicted in FIG. 9B, can be used. 
As illustrated, the base member 92-4 is a piezoelectric device whose upper 92U and lower 92L 
electrodes are connected to the electronics package 501 by the wires 75U and 75L respectively, so 
that the bearing's dimension in the Z-axis can be adjusted. 

The electronics package 500 of FIG. 7 A can also be transformed by one skilled in the art, to drive, 
in a similar fashion, a transducer comprising of a core of magnetostrictive material 69M (see FIGS. 
4B and 5B). In this case, the output from the summing unit 324 would drive a magnetic excitation 
coil wound around the core so that a magnetic field B can be generated in the material to produce 
a mechanical dimensional change. Alternatively, because magnetic fields can be superimposed in 
the core material itself, the output from the excitation driver 316 can be summed with the adjustable 
high voltage supply 326 and connected directly to one side of an excitation coil with the other side 
of the excitation coil used as input to the converter 304 while the bias means 330 and its ground 
reference can connect directly to a separate polarization coil wound around the same core or placed 
externally to the device. 

FIG. 10 shows the general relationship between the various major mechanical components of a 
sonic bearing along with the forces acting thereon. The applied force or simply referred to as the 
force F App 45, has a normal component [F App ] z , 44 directed along the Z-axis, which is used to press 
the load member 84-3, the bearing element 100 and the base member 92-3 together such that all the 
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appropriate sliding surfaces and regions of each component are in direct contact. It must be noted 
that the force used to press the load member 84-3, the bearing element 100 and the base member 92- 
3 together can be generated by compression, tension, shear, or any combination thereof. The bearing 
element 100 is mechanically connected to the base member 92-3 at the base support member region 
67 by a cylindrical support member 66-1 at the nodal region on the bearing support region 65, using 
an adhesive means. 

The force F App 45, can be generated by any mechanism such as gravitational, electric, magnetic and 
electromagnetic fields, or other mechanical structures, but is typically a load force ^ WAD containing 
a gravitational force F mg representing the weight of the load member and an external force F £xt 
generated by an external source. The Z-axis component [F lqad ] z , 43 of the load force F^^ , 
therefore has the Z-axis components [F ] , 42 and [F 1 . 41 of the gravitational force and external 
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force respectively. Later, the force F App will be shown to include a bearing element generated force 
F be , having a Z-axis component [F B£ ] z , 40 for use in a multi-bearing element force servo mechanism 
to alter the bearing's intrinsic stiffness. 

Still in reference to FIG. 10, the resonant microscopic vibrational motion (not shown) of the 
bearing element 100 activated by the excitation driver of the electronics package 500 are parallel to 
the Y-axis. A applied sliding force 46 can be applied to the load member 84-3 to initiate and 
maintain a load sliding motion in the XY-plane along the directions 48-2. This sliding force is 
usually derived from a motor, an actuator, a piston, a gear train, a leadscrew, a manual means or 
some combination thereof, but can also be the result of the X-axial or Y-axial components of the 
force F 45. 

APP 

Results 
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FIG. 1 1 A shows the sonic bearing assembly's effective coefficient of friction, |H sb as a function of 
the bearing element's contact pad r.m.s. velocity, v™ s for the case when the load sliding velocity, 
v is much less than v 1 ™. All the measurements were taken using the sonic bearing assembly 
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configuration shown in FIG. 10. For each velocity, v™ 5 , the u is determined by measuring the 
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magnitude of the minimum applied sliding force required to move the load divided by magnitude 
of the normally directed component [F ] of the force F . The velocities of the oscillating 
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contact pad surfaces are measured by using a focused HeNe laser beam bouncing off a very small 
and thin silicon cantilever onto an optical split detector. One end of the cantilever is attached to a 
fixed base while the other end is glued to the vibrating bearing element near a contact pad surface. 
The r.m.s. velocity at the contact pad surfaces is proportional to the measured vibrational amplitude 
divided by the oscillation period. A single point calibration of the proportionality constant is 
obtained by translating the bearing element by a known ten micron distance using a DM- 13 
submicron resolution differential micrometer from Newport Corp. Irvine, CA., and measuring the 
resulting changes in the signal amplitude on the split detector. 

Historically, it is well known from numerous brake, clutch and piston seal studies that for many 
materials, the coefficient of kinetic friction \i decreases with increasing sliding velocities in the 0 
to 10 m/sec range. To demonstrate that the observed effect of the sonic bearing's apparent reduction 
of the effective coefficient of friction is not simply a reduction of the actual coefficient of kinetic 
friction due to the r.m.s. velocity of the contact pad members, the experimental \i for tungsten 
carbide sliding against an unlubricated tungsten carbide is obtained in the velocity range of interest. 
FIG. 11B shows the |W for an acetone cleaned and polished ISO M20 grade tungsten carbide rod 
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sliding against a stationary, flat ISO M20 grade tungsten carbide plate. The |X k value for a given 
sliding velocity is derived by dividing the measured magnitude of the friction generated tangential 
force on the fiat plate by the magnitude of the normal component of the force F . From the data 
presented in FIG. 1 IB, it is clear that for unlubricated tungsten carbide sliding on tungsten carbide, 
fi k indeed decreases with increasing velocities, but not at the rate of approximately inverse velocity 
{i.e., l/v™ ) of the sonic bearing effect as depicted in FIG. 11 A. The accuracy of the coefficient of 
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friction measurements for the sonic bearing and the direct sliding systems can be evaluated by 
comparing the jlx and |i values at zero sonic bearing oscillation level and at near zero rod/plate's 
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linear sliding velocity respectively. The measured sonic bearing (when v™ s = 0) value should 
theoretically be equal to the measured ^ k (at v = 0) value under these two limiting conditions. 

One of the key features of the sonic bearing effect according to our interpretation of the adhesion 
theory is the ability to change the effective coefficient of friction of the bearing without actually 
changing the actual coefficient of kinetic friction \i of the sliding surfaces themselves. This is, of 
course done by externally supplying most of the energy which is dissipated by the frictional forces. 
FIG. 11A clearly shows this decrease in apparent friction over and above the small decrease in the 
kinetic friction \i (see FIG. 11B) due only to the velocity effect. By measuring the power 
consumption profile of the sonic bearing at various bearing r.m.s. velocities, it will be possible to 
determine if the observed decrease in bearing friction is due to (1) the sonic bearing effect where the 
actual coefficient of kinetic friction jlx^ of the sliding surfaces is nearly independent of velocity, or 
(2) an actual inverse velocity-like decrease in the coefficient of kinetic friction \i of the sliding 
surfaces. 
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If the first hypothesis is valid, then the electrical power consumption profile of the sonic bearing 
due only to an external load should be initially linearly proportional to the bearing's r.m.s. velocity 
v rms jfa s j s b ecause ^e bearing's power dissipation is equal to the product of (Xj^, the magnitude of 

SB 

the normal component of the force F , and the velocity parameters. Since the |i k for tungsten 
carbide sliding against tungsten carbide is nearly constant at low velocities (see FIG. 1 IB), the load 
power dissipation should therefore also be linear with velocity and as the bearing velocity increases, 
should decrease due to its slight velocity dependence, hence the expected power dissipation 
should deviate less than linear. 

On the other hand, if the actual coefficient of kinetic friction \i of the sliding surfaces is decreasing 
and this is the "real" cause of the sonic bearing's observed decrease in effective coefficient of 
friction |i as shown in FIG. 1 1 A, then the power consumption due to a given external load will not 

SB 

increase linearly with increasing velocity v 1 ™ 5 . Specifically, if the friction between the sliding 

SB 

surfaces is decreasing as the inverse of velocity v™ s , as one may argue from the experimental 
effective coefficient of friction data of FIG. 1 1 A, then the sonic bearing's power consumption profile 
should be approximately constant and independent of the velocity v™\ This is because the power 
consumption is the product of the magnitude of the normal component of the force F , which is 
constant, which is now assumed to vary inversely with velocity, and the velocity v™ s . 

FIG. 12A shows the experimental data of the sonic bearing's load r.m.s. power consumption, due 
to frictional sliding, as a function of the contact pad surfaces' r.m.s. velocity v™ s using a fixed 0.5 
kgF force [F APp ] z • The sonic bearing used in these experiments employs a bearing element which 
is similar to the one shown in FIG. 5A but, the extension member and the contact pad members are 
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entirely made from a single piece of tungsten carbide. 

The data for the r.m.s. load power dissipation due to frictional sliding shown in FIG. 12A was 
obtained by measuring the differences in the sonic bearing's r.m.s. power consumption with and 
without the 0.5 kgF force [F App ] z , on the bearing's load accepting surface. With the force, the power 
consumption is a combination of both internal and frictional dissipation and without the force, the 
power consumption is simply the internal bearing dissipation. The solid line is the linear least- 
square-fit to the experimental data in the low r.m.s. velocity v™ s domain while the dashed line shows 
the deviation of the raw data away from linearity in the higher velocity region. As expected, at the 
higher r.m.s. velocities of the contact pad surfaces, the power dissipation should be slightly less than 
linear due to the slight decrease in the value of the tungsten carbide sliding surfaces as shown in 
FIG. 11B. 

In conclusion, the experimental power consumption data for the sonic bearing is fully consistent 
with the first hypothesis, where the actual coefficient of kinetic friction ^ k of the sliding surfaces of 
the bearing exhibits the normal unaltered characteristics shown in FIG. 1 IB while at the same time, 
the sonic bearing exhibits a marked decrease in its effective coefficient of friction \i as illustrated 
in FIG. 11 A. 

FIG. 12B shows the experimental data of the sonic bearing's internal r.m.s. power dissipation as 
a function of the r.m.s. velocity v™. The solid line is the quadratic nonlinear least-square-fit to the 

SB 

experimental data. Note that the internal power dissipation goes as the square of the velocity while 
the external load dissipation increases only linearly with velocity v™ s . It is clear from the 
experimental data that the sonic bearing's ability to decrease the effective coefficient of friction |Li $B 

is most directly limited by the internal power dissipation of the piezoelectric transducer. 
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A unique method of improving the performance of the sonic bearing, as mentioned earlier, is to 
use an acoustic horn to convert the low velocity transducer oscillations into high velocity motions 
at the contact pad surfaces to achieve a low effective coefficient of friction u. For example, if the 

SB 

horn can amplify the velocity of the transducer's displacement by only a factor of three, the internal 
power dissipation of the transducer can be reduced by nearly a factor of nine. 

FIG. 13 A shows the experimental setup used to measure the effective coefficient of friction 
of a sonic bearing in both the active (i.e., ON, v ms =1 m/s) and inactive (i.e., OFF, v™ s = 0 m/s) 

SB 

states as a function of the bearing's sliding path angle 6. This experiment is designed to test the 
adhesion theory's prediction that the severance of the chemical bonds between the bearing element 
100 and the load member 84-4 due to the microscopic oscillatory sliding motions of the bearing 
element's contact pad surfaces, releases the bearing element 100 and the nodally attached load to 
move as a single unit in any path that is slidable on the planar load sliding surface 184-4 of the load 
member 84-4. Mechanical constraints (not shown) have been implemented in this experiment to have 
the oscillatory sliding motion of the bearing element 100 always be parallel to the Y-axis, while the 
load member/bearing element unit can slidably translate at any angle 0 with respect to the Y-axis. 

FIG. 13B shows the experimental data of the effective coefficient of friction as a function of the 
sliding path angle 0 with and without the bearing element oscillating (i.e., ON and OFF, 
respectively). As predicted by adhesion theory, the effective frictional properties of the sonic bearing 
are substantially independent of the sliding path angle 0. 

FIG. 14A is the experimental setup used to determine the relationship between the Z-axial 
component [F ] , 44 of the force F on an oscillating bearing element 100 and the value of the 
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force output signal which represents the normal component of the force F . As mentioned earlier, 
each sonic bearing element can also be used as an ultrastiff sensing means for the normal or vertical 



according to the spring equation where the applied force on a spring-like device is equal to the 
measured deflection of that device times its spring constant. The force sensing mechanism of sonic 
bearings does not use compressive deflection for the sake of maintaining extremely high bearing 
compressive stiffness. Instead, sonic bearing devices use frictional power dissipation in conjunction 
with maintaining a constant oscillation level to determine the force [F App l z and from that, generate 
a "force output signal." 

To see how this ultrastiff force sensing mechanism operates, we need to calculate the frictional 
power loss in the contact pad surfaces of the bearing element 100 over one cycle of oscillation. The 
frictional power loss is given by the proportionality 



component of the force F App 45, AY is the oscillation sliding distance over one-half cycle, and (O sb , 
is the oscillation angular frequency of sonic bearing. For clarity of illustration, the magnitude of 
these microscopic expansions and contractions AY, have been greatly exaggerated. An electrical 
method of determining the same frictional power loss in the contact pad surfaces is to calculate the 
r.m.s. value of the measured current, i and multiply it by the change in the peak square wave drive 
voltage AV^ on the piezoelectric transducer with and without the application of the force F . 




frictional power loss ~ [F APp ] z AY CO 



where u is the actual coefficient of friction of the two sliding surfaces, [F a 1 44 is the Z-axis 

r k APP Z 
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Therefore, equating the two power calculations, we have 

(.'HAV^-m* [F app ] z AYCO sb ; 




AV m ~u [F ] AY CO li 

W *k L APP J Z SB 



For a given physical sonic bearing with a specific oscillation level setting in the electronics package 
500, the parameters AY, o sb and i are all fixed constants, we therefore have 



AVq) = (some constant) [F ] ; or the inverse, 



[F app ] z =(l/someconstant)(AV 0) ) 



And, since the control unit 310 of FIG. 7 A is designed to produce a force output signal proportional 
to AVq), we can arrive at the expression 



[F ] = (constant)(Force Output Signal) . 



FIG. 14B is an experimental plot of the Z-axis component [F ] of the force F ona specific 

APP Z APP 

bearing element 100 versus the "force output signal" generated by the electronics package 500 
illustration of FIG. 14A. The "force output signal" data was taken in response to an increasing force 
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Z-axis component [F^ ] on the bearing element. The slope of the linear least-square-fit curve is 
the calibration constant. 

Additional Embodiments 

An important and preferred practical characteristic of a sonic bearing is the ability to always 
operate it in the ultrasonic frequency range. This frequency criterion is important because ultrasonic 
frequencies are generally inaudible to humans. In the preferred embodiments described above, there 
is an inverse relationship between the bearing's length and its operating frequency. For example, if 
the bearing element's size increases by a factor of three, the corresponding lowest operating 
frequency for that bearing will decrease by the same factor of three. This reduction of the operating 
frequency may transform the original ultrasonic frequency down into the audio range. 

The embodiments shown in FIGS. 15A, 15B, and 15C are specifically designed to solve this 
lowering of the operating frequency problem associated with large sonic bearings. The simplest, and 
therefore the most straightforward solution to this problem is to oscillate the large bearing element, 
not at its fundamental frequency, but rather at one of its higher harmonic frequencies. In the example 
shown in FIG. 15 A, a large direct-drive sonic bearing element is excited by the electronics package 
500 to operate at three times its fundamental frequency or its third harmonic. In the embodiments 
shown in FIGS. 15A and 15B, the bearing element comprises 3 transducers aligned in succession. 
Under these conditions, there are a total of three, one-half wave segments (3A/2) along the full 
length {i.e., parallel to the Y-axis) of the bearing element, containing a total of three nodal support 
regions (not shown) for attaching at least one cylindrical support member 66-1 thereto, on the lower 
electrode surface 168L. Each nodal support is used both to establish oscillation boundary conditions 
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and to attach the bearing element to the fixed base member 92-5. On the upper and lower electrode 
surfaces, there are two sets of eight upper 70U and lower 70L contact pad members with their 
respective upper 170U and lower 170L (not shown) contact pad surfaces. The moveable load 
member 84-5 has a load accepting surface 284-5 and a sliding path direction 48-2, where the load 
sliding surface 184-5 slides against the eight upper contact pad surfaces 170U of the bearing sliding 
surface. 

A major problem with the 3A/2 oscillation mode when used in conjunction with the configuration 
shown in FIG. 15 A, is that during resonance, the two end, one-third length sections of the bearing 
element are always moving in a direction opposite to the piezoelectric induced movements, resulting 
in a two-third reduction of the electromechanical coupling efficiency k for that bearing element. 

A solution to the low coupling efficiency problem is illustrated in FIG. 15B and is based upon 
the electrical segmentation of the original continuous transducer' s upper and lower electrode surfaces 
into three equal electrode segment pairs labeled as: the upper 683U and lower 683L (not shown) left 
end-segment surfaces; the upper 682U and lower 682L (not shown) mid-segment surfaces; and the 
upper 681U and lower 681L (not shown) right end-segment surfaces. The electrical excitation 
polarity for the two newly formed end-segment electrode pairs (681U, 681L), (683U, 683L) can now 
be reversed with respect to the mid-segment (682U, 682L), so that for all three segments, the 
piezoelectric forces are now in phase with the resonant oscillatory movements. The changes in the 
two end- segment polarities are visually indicated in FIG. 15B by the two "-" signs and the direction 
of the electric field, E with respect to the piezoelectric material's uniform electric dipole moment 
direction, P. The wires connected to each of the three electrode segment surfaces of the modified 
transducer have been appropriately labeled so that all the excitation wires tagged as 74U are 
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connected together and similarly, the three excitation wires labeled as 74L are connected together. 
The modified transducer is attached to the base member 92-5 using three cylindrical support 
members 66-1. The upper transducer face is now a collection of the three separate areas of electrodes 
681U, 682U and 683U. Like the design in FIG. 15 A, the moveable load member 84-5 has a load 
accepting surface 284-5 and a planar load sliding surface 184-5 for sliding along any path in the 
direction 48-2. 

A totally different approach to extending the length of a sonic bearing without changing its 
operating frequency is illustrated in FIG. 15C. This technique uses the indirect-drive bearing 
element, where the piezoelectric transducer is always driven at its lowest longitudinal frequency 
mode, while the extension member is resonated at one of its higher harmonic frequencies. Because 
the transducer is operated at its fundamental mode, the electromechanical coupling coefficient K 3i 
is already optimized without engaging in the labor intensive transducer electrode modifications used 
in FIG. 15B. Furthermore, if the material for the extension member is selected to have a high quality 
factor Q at high frequency, then resonating the extension member at one of its higher harmonics will 
exhibit no substantial loss in acoustic energies. 

FIG. 15C shows a specific example of an embodiment where the bar-shaped 3 A/2 extension 
member 78-3 is operated in the 3X/2 mode and the material is ISO M20 grade tungsten carbide 
measuring approximately 145 mm in length by 13.1 mm wide by 5.15 mm thick. The C5800 
piezoelectric transducer from Channel Industries Inc., Santa Barbara CA., is operated in the A/2 
mode and has dimensions of 25.3 mm long by 13. 1 mm wide by 6.75 mm thick. Like the direct-drive 
bearing elements shown in FIGS. 15 A and 15B, there are also three extension member nodal regions 
(not shown) and their three associated cylindrical support members 66-2 located geometrically at the 
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same relative positions to the contact pad members as in the direct-drive cases. These cylindrical 
support members 66-2 are also used to establish the boundary conditions and to affix the 3X/2 
extension member 78-3 to the base member 92-6. A single transducer nodal region on the lower 
electrode surface 168L (not shown), which is oppositely facing the upper electrode surface 168U is 
used to attach the transducer's cylindrical support member 66-1 to the same base member 92-6. The 
resonant frequencies for both the transducer and the third harmonic driven extension member are 
approximately equal to 67 kHz. The two extension member's surfaces parallel to the XY-plane of 
the extension member body 578-3 are upper and lower extension member faces. The precise 
resonant frequency of the extension member is of course, dependent on the sizes and placements of 
the eight upper 70U and eight lower 70L contact pad members on the extension member faces. The 
associated eight upper contact pad surfaces 170U of the bearing sliding surface are used to slide 
against a single planar load sliding surface 184-6. The long moveable load member 84-6, having a 
load accepting surface 284-6, for the sonic bearing in FIG. 15C is shown in two alternate positions 
to indicate a possible translational movements in the XY-plane along 48-2. 

The shape of the bearing sliding surface or bearing support region can also be altered to perform 
useful functions. For example, FIG. 16 shows a direct-drive, A/2 mode, sonic bearing designed to 
support a rod-shaped, rather than a bar-shaped, load member 84-7 which is capable of both 
translational 48-1 and rotational 48-3 directions of motion. The four contact pad members 71U on 
the upper electrode surface 168U have been specially modified to have complementary mating 
surfaces to the load member's load sliding surface 184-7. The four contact pad surfaces 170L (not 
shown) of the bearing support region can still retain their original plate-shaped form and slide against 
the planar base sliding region 192-7 of the base member 92-7. For clarity of illustration reasons, the 
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front part of the load member 84-7 has been sectioned and moved forward to reveal the cylindrically 
concave shape of the upper contact pad surfaces 171U on the upper contact pad members 71U. 

An important extension is a multi-bearing element sonic bearing assembly using more than one 
sonic bearing element in contact with the load and base members. This sonic bearing assembly can 
have both direct and indirect-drive versions. FIGS. 17, 18, and 19 depict simplified ultrastiff direct- 
drive embodiments using two bearing elements. These embodiments share many similarities with 
the planar embodiment of FIG. 6 A which uses only one bearing element. However, the embodiments 
of FIGS. 17, 18, and 19 take advantage of three major aspects of the invention, namely: (1) the sonic 
bearing effect, (2) the cross section controlling means, and (3) the force sensing mechanism. 

Ordinarily, because the type of assembly depicted in FIGS. 17, 18, and 19, confines the load 
member 84-10 in one of the two axes ( i.e., X-axis or Z-axis ) orthogonal to the axis of the load 
sliding motion ( i.e., Y-axis ), a zero tolerance condition in the manufacturing of the parts for the 
assembly must be maintained along this axis of confinement, which, for the examples of FIGS. 17, 
18, and 19, is the Z-axis. Furthermore, when all contact pad surfaces are not parallel to the direction 
of the load sliding motion and are in continuous contact with the load member or if the load member 
should undergo some kind of dimensional change {e.g., thermal expansion), it is the force F App as 
well as the slidable path that will be modified as the load member slides. 

In order to avoid the undesirable effects of these aforesaid conditions the sonic bearing assemblies 
illustrated in FIGS. 17, 18, and 19, instead, take advantage of this fact of confinement. Because one 
bearing element in these embodiments is symmetrically positioned to be opposite the another and 
because conventional manufacturing tolerances as well as any thermal induced material changes just 
happen to be within the range of bearing element thickness control, a very simple "force servo 



65 




mechanism" can be used to compensate for most mechanical or thermal variations. This force servo 
mechanism is accomplished in the embodiments of FIGS. 17 and 18 by using the "force sensor 
output" signal from one electronics package 500 generated from the force sensing mechanism of one 
bearing element as the "force servo input" signal to the cross section controlling means of another 
electronics package 500 for the opposite bearing element. The end result is that a constant force in 
the Z-axis [F ] , 44 ( not shown, but see FIG. 10) is maintained on one bearing element 100 as 
the load member 84-10 slides along the slidable path direction 48-1. This force, [F ] z is held 
constant because the feedback produces a change in the value of V which, when conveyed by the 

HV 

wires to the opposite bearing element 100 along with the square wave excitation voltage , will 
produce a thickness change therein. 

For the embodiment of FIG. 19, the force servo mechanism is realized by connecting the "force 
servo input" for one bearing element to the "force sensor output" of the other and vice versa, so that, 
with some minor control loop modifications, the dynamic range of stiffness compensation for the 
bearing assembly can be substantially increased. 

FIGS. 20 to 22 illustrate three different states of the bearing assembly of FIG. 17 reflecting a 
change in the thickness of the load member 84-10 brought on by thermal expansion and contraction 
while the dimensions of the base member 92-10 and the bearing elements 100 are here assumed to 
be independent of temperature. For clarity of illustration, the magnitude of these microscopic 
expansions and contractions have been greatly exaggerated. The state in FIG. 21 corresponds to the 
initial assembled state of the bearing assembly before the occurrence of any thermal expansion or 
contraction. In this state, a mechanical prebias from the C-shaped base member 92-10 in cooperation 
with the electronics package 500 designated by E.P. #2 supplying a voltage V hv2 with a value of V q 
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sets the initial thickness (Z q - AZ q ) of the upper bearing element 100. This initial upper bearing 
element thickness generates a bearing element force F , having a Z-axis component [F ] , 40 

BE2 BE Z 

( not shown, but see FIG. 10) which when combined by vector addition with any load force F^^ 
with a Z-axis component [F D ] , 43 ( not shown, but see FIG. 10) on the load member 84-10, 
establishes a force F with a Z-axis component [F ] , 44 ( not shown, but see FIG. 10) on the 
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lower bearing element 100 according to 



F =F +F 

APP BE2 LOAD 



Normally, the load force F is composed of two vector components; a gravitational force 



representing the mass of the load member under the pull of gravity F mg ( having a Z-axis component 



[F ] , 42 not shown here, but see FIG. 10) and any external force F ( having a Z-axis 

MG Z EXT 

component [F ] , 41 not shown here, but see FIG. 10) summed together again by vector addition 

EXT Z 



to produce 



F = F + F 

LOAD MG EXT 



However, in this simple illustration, the magnitude of the external force F £xt is set to zero and the 
force F is assumed to have a constant magnitude and is directed along the Z-axis. 

MG 

At this point, if a dimensional change occurs to the load member 84-10 along the axis of 
confinement {i.e., Z-axis) which attempts to alter the force component [F ] , as illustrated by the 
a state in FIG. 20 and p state in FIG. 22, the electronic force servo mechanism will change the value 
of V hv2 to produce a corresponding thickness change AZ R£2 of either AZ a or AZp respectively, in 
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the upper bearing element 100 in order to maintain the magnitude and direction of the force 
component [F App ] to be the same constant value as in the initial state of FIG. 21. In this way, the 
slidable path along the lower bearing element is preserved. 

The operational principle of the force servo mechanism is based on the graphs depicted in FIGS. 
23 A and 23B which describe the magnitude of the Z-axis component |T 1 of the bearing element 

BE Z 

generated force F as a function of both the bearing element thickness displacement AZ ni ^ and the 

° BE2 BE2 

applied high voltage V hv2 . These particular graphs are for a piezoelectric transducer, but these types 
of functional relationships are well known in the art for most electromechanical transducers and are 
described by the equation 

[F ] = (k )(d )(V )-(k )(AZ ) ; 

L BE J Z V BE /V 33 /V HV y v BE /V BE 

where the equivalent spring constant k of the bearing element 100 (not shown, but see FIG. 17) 

BE 

is given by 

k BE = (\ E X Y BB> /Z 0- 

Here A is the total area at the interface of the bearing element, Y is the short circuit Young's 

BE BE 

modulus of the piezoelectric transducer of the bearing element along the Z-axis, d 33 is the 
piezoelectric charge constant in the thickness direction and Z q is the initial thickness of the 
transducer before the application of any forces and/or voltages. 
The purpose of the force servo mechanism, in reference to FIGS. 20 to 22, is to change the value 
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of the quasi-DC high voltage V applied to the upper bearing element 100 so as to change its 

HV2 



thickness displacement value AZ in order to maintain a constant magnitude and direction of the 

BE2 

force component [F App ] on the lower bearing element 100. The particular value of required 
for each state (i.e., for AZ a , AZ q , and AZp ) is obtained, in a graphic sense, according to FIG. 23 A, 
by the trinary intersection of the horizontal line where [F 1 has a value equal to F , with the 

J BE2 Z 0 

vertical line representing the required displacement value AZ be2 , with the diagonal line relating the 
behavior of [F ] versus AZ for a given value of V hv2 . The horizontal line at F Q has a value equal 

BE2 Z BE2 

to the Z-axis magnitude value of F minus F ^ and is used because the force component [F D 1 

° APP LOAD BE2 Z 

generated by the upper bearing element 100 required to maintain a constant force component [F 
] on the lower bearing element for the states shown in FIGS. 20, 21 and 22, is simply given by the 
Z-axis magnitude value of F App minus F^^. Here, also, as previously mentioned, the Z-axis 
magnitude value of F is assumed to only be the magnitude value of F ^ (i.e., no external force 

& LOAD MG 

F on the load member). Therefore, to change AZ _ from AZ a to AZa, the quasi-DC high voltage 

EXT BE2 " 

V hv2 must change between V a and Vp respectively, in order to insure that, [F APp ] z w iU remain 
constant. 

Alternately, as illustrated in FIG. 23B, when an external force F £xx is applied to load member 84- 
10 (not shown, but see FIG. 17), while all the mechanical dimensions of the bearing system are now 
assumed to be fixed, the force servo mechanism must change the value of the quasi-DC high voltage 
V hv2 applied to the upper bearing element 100 (not shown, but see FIG. 17) so that the bearing 
element generated force [F ] from the upper bearing element 100 (not shown) will change in order 

BE2 Z 

to keep the force component [F ] constant. Graphically speaking, as an increasingly larger external 



force's normal component [F ] is applied, the trinary intersection point will move down along the 

EXT Z 
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line of constant AZ be2 (Le. 9 along AZ n ) as the force servo mechanism drops the value of the quasi- 



DC high voltage V hv2 from V n to V N . This causes the bearing element generated force's normal 



component [F ] to drop in value from Fq to zero which compensates exactly for the applied 

BE2 Z 

external force's normal [F ext ] z . For the purpose of illustration, at the point where the value of 
[F ext J z is equal to one-half of F q , the high voltage V hv2 is shown to have an approximate value of 
one-half the quantity (V - V ). Below the value of V N , the force servo mechanism will no longer 
function because this region represents a physical separation of the upper sliding surfaces of the 
upper bearing element 100 (not shown) from the load sliding surfaces of the load member 84-10 
(not shown). 

In actual operation, the exact value of the quasi-DC high voltage V generated as a result of the 
force servo mechanism, and hence, the trinary intersection point, will be graphically determined by 
a combination of both graphs in FIGS. 23 A and 23B because components of the bearing assembly 
will usually experience a thermally induced dimensional change when an external force F^ is 
present. 

A detailed graphic description of the operation of the force servo mechanism for the embodiment 
of FIG. 17 subject to an arbitrary applied external force is illustrated in FIGS. 24 A to 24C. FIG. 24 A 
shows how the force servo mechanism changes the values of V hv2 and, consequently, [F fiE2 ] z when 
an external force F^ is applied with a component along the Z-axis. The value of F q is chosen as the 
value of the servo equilibrium bearing element force's normal component [F ] as a result of the 

BE2 Z 

application of the voltage V hv2 equal to V q for the upper bearing element (not shown, but see 
FIG. 17). From this point, a change in the external force's normal component [F £XT ] z is directly 
compensated for by a change in [F ] in order to maintain the normal component [F ] on the 
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lower bearing element (not shown, but see FIG. 17) constant as shown in FIG. 24B. Because [F ] 
is held constant by the force servo mechanism, the lower bearing element thickness (Z q +AZ bei ), and 
hence, the slidable path thereon will be preserved in the servo region as shown in FIG. 24C. 

For this servo configuration of FIG. 17, the region of enhanced stiffness as depicted in FIG. 24C 
can be shifted by adjusting the value of F . In order to maximize the range of load carrying capability 
for an external force F £xt directed on the lower bearing element, the value of F q should be adjusted 
such that the magnitude of the normal force component [F ] without an external force F^ is very 

APP Z EXT 

near to the maximum allowable value F m for the force component [F App ] z . The value F m represents 
the point where the velocity control servo is just barely able to maintain the set r.m.s. velocity of the 
bearing element, and hence, the set level for the effective coefficient of friction |J, sb . At this point, 
the value V is equal to the maximum servo value V that V ^ is allowed to have. The important 

0 n M HV2 

ramification of choosing such a large F q , other than the lower bearing element being able to support 
a significant load without altering the slidable path thereon, is that each bearing element's Q can be 
lowered which will allow for an extremely short settling time and an extremely large locking force 
when the bearing elements are switched to the "OFF" state. 

In a similar fashion, the force servo mechanism for the embodiment of FIG. 18 is graphically 
illustrated in FIGS. 25 A to 25C. The main difference of this servo configuration, illustrated in FIG. 
18, is that the upper bearing element's sliding surfaces define the slidable path and the lower bearing 
element adjusts the force component [F App ] z by changing the magnitude of the lower bearing element 
generated force component [F ] • For this configuration, F q can be chosen as shown in FIG. 25A 
to be very near zero in order to again maximize the range of load carrying capability for an external 
force F £xt directed on the lower bearing element. This results in the bearing elements maintaining 
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their very high Q at low external force values and thus, reduces the power requirements needed to 
overcome the frictional power dissipation. Any degradation in settling time and locking force for 
this embodiment can also be eliminated by setting V and V to V when the bearing assembly 

H V 1 HV2 M 

is switched to the "OFF" state. In this way, the bearing element also acts as an active brake. 

For the embodiment of FIG. 19, each of the servo configurations employed in FIGS. 17 and 18 
are used cooperatively to achieve a force servo mechanism with an extended servo range. As 
graphically depicted in FIGS. 26 A and 26B, the force component [F App ] z on either bearing element 
in the embodiment of FIG. 19 is selected to be equal to (F + F mg ) when no load force F^^ is 
applied and the magnitude of this force component [F App ] z is near the value of F M . Selecting the 
magnitude value of [F App l z near F m as the initial condition allows the portion of force servo 
mechanism configured like that of FIG. 17 to handle a load force directed on the lower bearing 
element with maximum range while allowing the other portion of the force servo mechanism 
configured like that of FIG. 18 to handle the load force F^^ directed on the upper bearing element 
with maximum range. In this way, each portion of this cooperative servo mechanism operates only 
on its own side of a switching point defined at the point when the magnitude of F^^ equals zero. 
The graph of FIG. 26C shows this switching point and illustrates that the extended servo range is a 
combination of each range from each portion of this force servo mechanism. 

A further and final illustration which also takes advantage of the three aforementioned major 
aspects of the invention is the embodiment of FIG. 27. In this example, four bearing elements 100 
are mounted to the base member 92-9. Specifically, the bearing support regions, configured 
opposite of the bearing sliding surfaces, are juxtaposed to each other along the inner faces of the base 
member 92-9. Also, the load sliding surfaces 86-9 of the rectangularly shaped load member 84-9 
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are juxtaposed to each other and are in slidable contact with the bearing sliding surfaces along 48-1. 
This type of assembly further confines the load member in both of the two axes (i.e., X-axis and Z- 
axis) orthogonal to the axis of the load sliding motion (i.e., Y-axis) and can be implemented as an 
obvious extension using two orthogonal versions of the embodiment of FIG. 19. For clarity of 
illustration, the second set of two electronics packages and their interconnection to each other and 
their respective bearing elements are not shown. 

An important consequence and major advantage resulting from the use of a force servo mechanism 
in a sonic bearing assembly is to enable that assembly to have, not only the ability to maintain 
constant stiffness over time, but also to have an adjustable stiffness. This ability allows the assembly 
to possibly have a lower stiffness than the intrinsic bearing stiffness itself, but more importantly, the 
assembly can emulate a bearing having nearly infinite stiffness. According to the principles of 
control theory, precise knowledge of system characteristics are not required in order to achieve 
precise control. Therefore, simple servoed control over the force component [F App ] z can make a 
bearing assembly substantially less sensitive to the parameters that attempt to alter that force 
component and it is this servoed control that will directly manifest itself in a real increase in bearing 
stiffness over and above the intrinsic stiffness of a similar non-servoed assembly. As mentioned for 
the embodiment of FIG. 17, the force component [F App ] z is maintained by the force servo 
mechanism altering the value of [F BE2 ] Z in order to compensate for any change in F^^. Typical 
simple servo mechanisms can easily provide steady-state compensation control to within 0. 1 percent 
which translates to a theoretical increase in bearing stiffness by 1000 times. And, if complete models 
of the components in the bearing assembly itself are considered in a servo mechanism design, a 
robust dynamic stiffness of the same order can also be achieved. Therefore, using conventional servo 
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design methods, one skilled in the art can easily develop such a mechanism that will provide both 
steady-state and transient high stiffness solutions required for smooth and precise motion while at 
the same time, reject disturbances to the bearing stiffness. 
Summary, Ramifications and Scope 

Accordingly, the reader will see that a sonic bearing of the invention is ideal for use in a very high 
stiffness precision stage used for guiding rectilinear or rotational motion. Specifically, a sonic 
bearing equipped stage can move a load with high precision to the designated coordinate by using 
the bearings in their "active" or low frictional state. After reaching the target position, the velocity 
of both the load and the stage can be rapidly and controllably decreased to minimize the settling time 
at the target position by transitioning the bearings into their "inactive" or high frictional state. 
Furthermore, because the bearing possesses the attribute of being able to alter its thickness, any 
imprecision or change in mechanical tolerances that cause a degradation in stiffness at any time can 
be easily eliminated independent of the frictional state of the bearing. In this manner, a sonic bearing 
stage can simultaneously exhibit both high stiffness with low effective friction and high precision 
with short settling time. And, after reaching the desired location, the stage can then be "locked" in 
place with or without using any external power. It can also be appreciated that the sonic bearing has 
the additional advantages of: 

• providing high reliability; 

• providing excellent wear resistance; 

• providing low sensitivity to shock loading; 

• providing excellent off-axis error characteristics; and 

• providing for operation in many exotic environments. 
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Although the description above contains many specificities, these should not be construed as 
limiting the scope of the invention but merely providing illustrations of some of the presently 
preferred embodiments of this invention. 

For example, other possibilities may include sonic bearings whose bearing elements are planar but 
round rather than bar-shaped, or even non-planar such as those having cylindrical, conical or 
spherical shaped geometries. Thus, the scope of the invention should be determined by the appended 
claims and their legal equivalents, rather than by the examples given. 
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